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TEMPERATURE SUPER 
CONDUCTIVE DEVICES 



Art Unit: 1793 
Examiner: Paul A. Wartalowicz 



APPELLANT'S RESPONSE 



Honorable Commissioner of Patents & Trademarks 
P.O. Box 1450 
Alexandria VA 22313-1450 



Dear Sir: 

In response to the Examinees Answer dated April 5 , 2010, submitted herewith are 
copies of selected portions of "Thin Film Processes", edited by John L. Vossen and Werner 
Kern and published by the Academic Press, Inc. in New York (Rl) and "Ion Bombardment 
Modification of Surfaces: Fundamentals and Applications", edited by Orlando Auciello and 
Roger Kelly, published by Elsevier in Amsterdam in 1984 (R2). These two reference 
documents Rl and R2 will be utilized in Applicant's arguments which are set forth herein 
below. 

Without going into the detail of each and every rejection presented by the Examiner, 
Appellant respectfully submits that essentially it is the Examiner's opinion, which is not 
supported by any documentation, that a particle beam generated by a plasma sputtering device 
is substantially the same as an ion beam, that the properties in the product produced by the 
utilization of an ion beam would be substantially or inherently the same as that of a plasma 
sputtering device and the product produced utilizing the plasma sputtering device has no 
advantages over one produces with an ion beam. Accordingly, it is the Examiner's opinion 
that Applicant's claims are all anticipated or obvious over the art cited by the Examiner. 
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In reply to this position by the Examiner, Appellant respectfully submits that a plasma 
sputtering beam and an ion beam are not equivalent. In particular, each have different 
properties and Appellant respectfully submits that plasma sputtering has advantages over ion 
beams. These two issues will be discusses at length below. 

In particular, Appellant respectfully submits that for the ion beam generated from ion 
guns (also called ion sources), a low background gas pressure is usually maintained of about 
0.1 Pa or lower to minimize divergence of the beam and contamination (see Rl, page 187, 
lines 35 and 36). Since the ion beam operates in a low background gas pressure, the energetic 
ions will travel a sufficient distance along a free path without collisions with the gas 
molecules. Therefore, the ion flux and the ion energy are independently controlled and the 
direction of ion impact on the surfaces is controlled (see R2, page 130, lines 19-23). Also, 
Appellant respectfully submits that a focus system of the ion source can decrease the 
divergence of the ion beam. For example, in a normal condition, the plasma edge beside the 
grid system in ion guns could form a proper shape, which gives the ion beam an initial 
convergence. Acceleration of the ions takes place mainly in the extraction region in the ion 
guns, since this is usually where the greatest potential drop occurs (see Rl, page 183, lines 24- 
25). As a result, any ions leaving the discharged plasma and striking ground will have an 
energy corresponding to the anode potential. Still further, the ion beam has a direction which 
is well defined with narrow energy spread (see R2, page 132, lines 24-26). 

In contrast to ion beams from an ion source, Appellant respectfully submits that for the 
particle beam generated from plasma sputtering systems, the background gas pressure is 
significantly higher than that of the ion beam. In particular, the gas pressure of the sputtering 
system usually ranges from a few millitorr to about 100 mTorr (see Rl, page 12, lines 37-38). 
In some cases, Appellant respectfully submits that the gas pressure can even be the same as 
atmosphere for daily applications rather than the utilization in a vacuum chamber. Appellant 
respectfully further submits that in this range of gas pressure, the collisions between the ions 
and gas molecules will occur constantly. As a result of the collisions, the energy and 
direction of the ions will be different from the original values they were when accelerated by 
the electric field. Still further, there is no focus system in plasma sputtering systems and 
therefore they are simpler than ion beams and less costly. Also and as a result, the particle 
beam generated from plasma sputtering systems has a direction poorly defined with wide 
energy spread and is quite different from that of an ion beam generated from ion guns. 
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With the above in mind, Appellant respectfully submits that the direction of the ions in 
a single particle beam from plasma sputtering are random, while the direction of the ions in an 
ion beam from an ion gun are well defined. Also, the energy of the ions in a single particle 
beam from plasma sputtering is widely distributed while the energy of ions in an ion beam 
from ion guns is the same. Accordingly, Appellant respectfully submits that the properties of 
the two types of particle beams are quite different. As a result, Appellant respectfully submits 
that since the energy distribution of the plasma sputtering is widely distributed, the 
. smoothness of the material surface can be more easily achieved. In contrast thereto, the focus 
tight high energy ion beam from ion guns has a tendency to cause an uneven surface because 
small areas of the surface are impacted with the high energy beam at a time. 

In addition to the above, Appellant respectfully submits that the average number of 
atoms ejected from the target per incident ion is called the sputtering yield. Sputtering yield 
depends on the ion incident angle, which can be both calculated from theory (see Rl, page 
177, Fig. 5.2) and measured (see R2, page 2, Fig. 1.1). Still further, there is a maximum 
sputtering yield which can be achieved at a certain incident angle to the surface normal and 
the sputtering yield will be lower when the incident angle is some other value. Accordingly, 
when the target (processed material) surface is rough, the local normal directions of the 
different zones of the target surface are obviously different from each other. In this case, the 
sputtering yields of different zones of the target surfaces are not equal if the incident ions 
come from the same direction. However, if the directions of the ions are poorly defined, the 
sputtering yields of the different zones of the target surface can be uniform. Therefore, since 
plasma sputtering creates ions from different directions, it is easier to create a uniform surface 
with a particle beam generated by plasma sputtering. 

In addition, Appellant respectfully submits there will be a shadow of sharp asperities 
where a well defined ion beam from an ion gun is not able to reach (see R2, page 233, Fig. 
6.10). However, this problem can be handled when the ion directions of the particle beam 
from the plasma sputtering are poorly defined. Because the directions of the ions in the 
particle beam from plasma sputtering are random, the shadow from one incident direction can 
be reached by the ions in other directions. Therefore, the particle beam of plasma sputtering 
has the effect of smoothing the rough surface better than ion beams of ion guns. 

Still further to the above, Appellant respectfully submits that the same things happen 
as described above in cases of changing the microstructure or internal defects of the target 
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because of the same reasons. In particular, the particle beam of plasma sputtering has better 
effect than the ion beam from ion guns. The more uniform arrival of ion density can be 
achieved with less shadow with the plasma sputtering since the ion directions of the particle 
beam from plasma sputtering are poorly defined. 

From the above, Appellant respectfully submits that the advantages of ion beams 
coming from ion guns include small divergence angle, small energy distribution, individual 
and separate controlling energy and beam flow with the energies and the directions of the 
particles being concentrated. However, Appellant respectfully submits that these advantages 
of ion beams are not suitable for surface modification of a pre-formed material, especially not 
suitable for the modification of rough surfaces. As a result, Appellant respectfully submits 
that the disadvantages perceived by some of the particle beam from plasma sputtering being 
poorly defined and random, are in fact advantages since they are able to process a material 
surface to be smoother and more uniform than an ion beam. 

By way of example, Appellant respectfully submits that an ion beam from an ion gun 
functions substantially the same as the bullets from a machine gun, whereas the particle beam 
from plasma sputtering functions similar to the bullets from a scatter gun. Clearly the bullets 
between these two types of guns are different in that the direction of the bullets from a scatter 
gun are rather random and therefore hit a large area, while the direction of the bullets from a 
machine gun are defined to form a line. As a result of the differences between a scatter gun 
and a machine gun, each is utilized for a particular purpose and cannot achieve the other's. 

Based upon the discussion above, Appellant respectfully submits that the advantages 
remain in bombarding a high temperature superconductor, which cannot be produced with a 
particle beam produced by the apparatuses of the prior art. In particular, the advantages of a 
particle beam from plasma sputtering in fabricating and modifying a high temperature 
superconductor are as follows: 

1. The structure of YBCO high temperature superconductors consist of many 
layers, including the substrate, buffer layers and YBCO superconductor layer. The substrate 
and buffer layers need to be cleaned, smooth and activated by the particle beams before the 
fabrication of an upper layer. Since the particle beam from sputtering is distributed in energy 
and arrives from random directions, smoothing and cleaning can be easily achieved. Still 
further, since the particle beam from plasma sputtering bombards a larger area, the 
modification speed is increased. 
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2. In the process of ipodifying the YBCO superconductor surface, the oxygen 



pressure should be high enough to prevent the degrading of the superconductivity. Appellant 
respectfully submits that a high gas pressure is not suitable for ion beams from ion guns as is 
discussed above and oxygen is usually harmful to the ion guns. In contrast thereto, a particle 
beam from plasma sputtering can function in such an atmosphere and can modify the surface 
of the superconductor device without degrading its superconductivity. 

In view of the above, therefore, Appellant respectfully submits that ion beams are not 
substantially similar to particle beams from plasma sputtering and do not result in a 
substantially similar process. In addition, Appellant respectfully submits that in a method for 
surface modification in manufacturing high temperature superconducting devices, a particle 
beam from plasma sputtering has advantages over ion beams and provides a method utilizing 
a substantially simpler apparatus which can achieve the processing in less time. Therefore, 
Appellant respectfully submits that Appellant's invention as claimed by Appellant's claims 1 
through 13 and 15 through 18 are not anticipated by nor obvious over the art cited by the 



Therefore, Appellant respectfully requests that the board favorably consider 
Appellant's remarks and find Appellant's invention as claimed patentably distinct from the art 
cited by the Examiner. 



Examiner. 



Respectfully submitted, 




William L. Androlia 
Reg. No. 27,177 



Quinn Emanuel Urquhart Sullivan, LLP 
Koda/Androlia 

865 South Figueroa Street, 10 th floor 
Los Angeles, CA 90017 
Tel: 213-443-3000 Fax:213-443-3100 
E-mail: thomasedison@quinnemanuel.com 
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HISTORICAL OVERVIEW OF ION-INDUCED MORPHOLOGICAL MODIFICATION OF 
SURFACES 



ORLANDO AUCIELLO 

1.1 INTRODUCTION 

This book is concerned with ion-bombardment modification of surfaces due mainly to 
erosional and depositional phenomena. Chemical, electrical, mechanical, etc. changes, due to 
ion bombardment of surfaces, are the subject of other reviews. 

The two most important phenomena relating to ion bombardment modification oi surfaces 
are sputtering and ion implantation. In spite of their similar degree of relevance, the 
evolution in the understanding of the underlying mechanisms has been quite different. 
Sputtering was observed by Grove, apparently for the first time, in 1853 (I) as the cause of 
metallic deposits on the glass walls of discharge tubes. However, it took almost half a 
century before sputtering was recognised (2) to be an effect caused by positive ions, from the 
discharge, hitting the cathode; and about a century before a quantitative description of this 
phenomenon started to be developed. By contrast, it can be said that the evolution in the 
understanding of the ion implantation process started with the theoretical works of Bohr (3) 
and Lindhard, Scharff, and Schist (4), who set the bases for the understanding of the stopping 
power of high and low energy ions penetrating through matter. These works, supported by the 
first accurate experiments on ion ranges by Davies and coworkers {.5, 6), initiated a 
comparatively faster development, with respect to sputtering, in ion implantation. 

A historical overview of the main advances in the understanding of ion bombardment 
modification of surfaces, due to erosional and depositional phenomena is presented in this 
chapter, ft will be followed by three chapters of a general nature, regarding the subject 
treated In this book (Chapters 2-k) r four more on the fundamentals of surface modification 
(Chapters 5-8), and finally five on applications of modified surfaces (Chapters 9-13). 

1.2 EROSION-INDUCED MORPHOLOGICAL CHANGES 

Solid surfaces are generally eroded when bombarded with energetic particles, namely 
neutral atoms/molecules, ions, electrons, or photons. The phenomenon responsible for such 
erosion is sputtering, which, according to the present knowledge (see Chapter* 2 of this book), 
presents several variants now known as' coU'isional, thermal, electronic, and exf^jationa| 
sputtering. It can also be understood within the framework of two main concepts, physical 
and chemical sputtering. Thfc former involves the transfer of kinetic energy from the 
incident particle to target atoms, which results in the ejection of atoms through the surface. 
The second is due to a chemical reaction between the impinging particles and target atoms, 
which leads to the formation of volatile molecules. Details about physical sputtering, from 
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both the theoretical and experimental point of view, can be found in a recent comprehensive 
treatment of this subject (7). Chemical sputtering is also reviewed in ref. (7), Chapter 2 of 
this book, and in more recent work, related to fusion technology, by Aucielio, Stangeby and 
Haasz (8, 9, 10), who have clarified previous experimental and conceptual inconsistencies, and 
discovered new aspects of the chemical sputtering phenomenon for carbonoceous materials. 

It has been observed that both sputtering mechanisms mentioned above can produce 
morphological changes on surfaces. Changes induced by physical sputtering arise mainly due 
to the dependence of the sputtering yieJd (Y) on the angle of incidence (6) of the primary 
beam with respect to the surface (Fig. 1.1). Such a dependence was first observed by Fetz 
(11), and confirmed later by other groups (12-14). It is important to notice that one reason 
for the lack of reproducibility in the data of Fig. 1.1 may be the influence of surface 
topography developed on bombarded surfaces during sputtering yield measurements, an effect 
to which no appropriate attention has been paid by the different groups. 




9 

Fig. 1. 1. Heavy-ion sputtering yields as a function of angle of incidence (7). The dash-and- 
dot curve represents theoretical calculations by Sigmund (7). The solid curves are drawn only 
to guide the eye. 
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4.2 DEPOSITION METHODS INVOLVING ION BOMBARDMENT 

4.2,1. Radio-frequency bias sputtering 

Many of the effects of ion bombardment during deposition were demonstrated 
using radio-frequency (rf) bias sputtering and later observed in other deposition 
systems. The equipment and principles of rf sputtering are thoroughly described 
elsewhere [l] and the technique will only be described here to bring out the capabil- 
ity for ion bombardment during film growth. 

An rf diode sputtering system is shown schematically in Fig. 4.1. The target 
electrode (cathode) is driven by rf power to sustain a glow discharge plasma in the 
process gas. The cathode develops a negative dc voltage equal to about half the rf 
peak-to-peak voltage. Ions are accelerated across the cathode dark space to sputter 
atoms from the target surface. At a typical pressure of 4 Pa (30 mTorr), the 
sputtered atoms rapidly lose their ejection energy by collisions with the background 
gas [2], and diffuse to the substrates at essentially thermal energy. Ion bombard- 
ment of the substrates is provided by an rf bias voltage applied to the substrate 
electrode (anode), which develops a negative bias relative to the glow discharge. 
This potential difference accelerates ions from the plasma to the substrate, providing 
ion bombardment of the film during deposition. An applied substrate bias of -50 to 
-300 V is typically used with target voltages of -1000 to -3000V. Other energetic 
particles striking the growing film are: discharge ions reflected from the target as 
neutrals; secondary electrons accelerated from the target across the dark space; 
negative ions emitted from the target [3]; and charge exchange neutrals formed in 
the anode dark space [4]. Due to the charge exchange process in the anode dark 
space, very few discharge ions strike the substrate with the fulj bi?s voltage, but 
rather a broad, low energy distribution of ions and neutrals bombards the growing 
film [4]. Another complication is the lack of direct control over the plasma poten- 
tial, which is positive with respect to the grounded chamber walls, and depends on 
the system geometry and gas pressure, typically 20 V at 4 Pa [5]. This plasma 
potential must be added to the applied substrate bias to determine the maximum ion 
energy striking the film. 
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Rg, 4.2. Broad-beam multiaperture ion beam source [9]. 
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Controlling the flux of ions bombarding the film in an rf diode system is not 
straightforward. Increasing the substrate bias voltage not only increases the bom- 
barding ion energy, but also enhances the ion density in the glow discharge, thereby 
increasing the ion flux to the substrate. For. this reason, the bombarding ion energy 
and flux are not independent parameters. Cuomo and Gambino [6] have successful- 
ly modeled the substrate ion flux as proportional to the one-half power of substrate 
bias voltage. 
1/2 

J * V b . (1) 

but to obtain quantitative flux values requires a detailed accounting of the geometry 
of the system. This difficulty, together with the broad energy distribution of 
particles striking the film, has limited the quantitative understanding of substrate 
bias effects, and the ability to translate data from one system to another. 

4.2.2. Broad-beam ion sources 

The broad-beam multiaperture electron bombardment ion source was invented in 
1961 as an ion thruster for space propulsion [7]. An extensive effort followed to 
improve the efficiency of this ion source with the goal of obtaining the highest ion 
beam flux for a given gas flow and power input. These developments have yielded 
an ion source suitable for material processing, generating collimated, well- 
characterized ion beams from a wide choice of gas species [8]. The primary advan- 
tage of ion beam processing of materials lies in the control available with an ion 
beam as compared to other plasma processes. The ion flux and ion energy are easily 
measured and independently controlled, and the direction of ion impact on surfaces 
is controlled, since the beams operate in a low background gas pressure of typically 

0.01 Pa (~ 10~ 4 Torr). The development of broad-beam ion sources and their 

... £ t j 

applications to etching, surface compound layer formation, and thin film deposition 

are described in recent review articles [9]- The basic configuration of a broad-beam 
ion source is shown in Fig. 4.2, which illustrates a cylindrical unit generating a 
circular beam. The ion source is mounted in a vacuum chamber (not shown) capable 
of maintaining a background pressure of about 0.0 1 Pa (~ 10" 4 Torr) at the operat- 
ing conditions (generally a pumping speed of several hundred to several thousand 
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For many materials applications, a high ion flux is desired in order to carry out 
the etching/deposition process at a reasonable rate. For reference, 1 mA/cm 2 
represents several monolayers equivalent of bombardment per second, and 10" 4 Pa 
(~l(r 6 Torr) represents about one monolayer equivalent of background gas arrival 
rate per second. Therefore an ion flux of tenths of a mA/cm 2 or higher is necessary 
for surface treatment processes to occur at a rate exceeding the arrival rate of 
residual gases, for processing systems with fefase pressures of 1(T 5 Pa ("10" 7 Torr). 
Also, many applications require low ion energy (several hundred eV or less) to 
minimize damage to substrates. This combination of high ion flux at low energy is 
difficult to achieve with the conventional dual grid ion source of Fig. 4.2 because 
the ion flux is space charge limited by the grid separation. The maximum ion flux is 
determined by Child's Law [9,10]: 

>max -(^o/ 9 )f 2 ^) l/ V^ 2 // 2 , (2) 

where j max is the maximum ion flux flowing between two planes, V is the potential 
difference between the planes, / is the spacing between the planes, e/m is the 
charge-to-mass ratio of the ions, and c 0 is the permittivity of space. For practical 
ion source configurations, / is approximately given by the spacing between the screen 
and accelerator grids [9]. This space charge limit sets a ceiling on the Jon flux 
obtainable at a given ion energy, and becomes a severe limit at low energy. For 
example, with a dual grid system which produces 1.5 mA/cm 2 at 1000 eV ion 
energy, the ion flux available at 100 eV follows from Eq. 2 as only 0.05 mA/cm 2 . 
Several improvements in the low energy performance have been made and recently 
described [9,1 1]. 

The output of a broad-beam ion source is an ion beam of well-defined direction 
and low energy spread. Beam divergence angles can be as low as several degrees, 
and energy spreads are typically 10 eV [9]. In addition to the ion flux, a substantial 
neutral gas flow passes through the extraction grid system, since the grids have a 
high fraction of open area (50-60%). For many materials applications, however, 
this background gas flux does not greatly affect the process, as the gas is usually an 
inert or molecular species of low chemical reactivity. The background pressure is 



very low (O.Ol Pa,~10" 4 Torr) compared to a typical rf sputtering or etching plasma 
(1-10 Pa, ~ 10-100 mTorr). 

This low pressure, combined with the short ion acceleration distance between the 
grids (about 1 mm), is responsible for the low energy spread. Other species present 
in the beam include: low energy electrons with a Maxwellian temperature of several 
eV [8]; charge exchange neutrals caused by collisions of positive beam ions with 
background gas atoms [12]; and sputtered atoms from the target surface bombarded 
by the ion beam. Therefore, the ion beam processing environment is characterized 
by an ion flux of well-defined intensity, energy and direction, with relatively low 
power input to the substrate from other energetic species. This situation creates a 
suitable environment for quantitative materials processing by controlled ion bom- 
bardment. 

The two main configurations for using broad beam ion sources for ion bombard- 
ment during film deposition are shown in Figs. 4.3 and 4.4. In the dual ion beam 
system (Fig. 4.3), an inert or reactive ion beam sputters a target materia) to produce 
a deposition flux of atoms onto the substrate. Simultaneously, a second ion source 
aimed at the substrate supplies an ion beam of inert or reactive ions to bombard the 
growing film. In the example shown, the substrate holder is equipped with a crystal 
rate monitor and an ion current monitor to measure the incident atom and ion fluxes 
directly. These features provide a proper characterization of the incident particle 
flux onto the film surface. In the second configuration (Fig. 4.4); an* ion source is 
used in conjunction with a vapor source, such as an electron team evaporator, to 
add ion bombardment capability to another widely used deposition technique. This 
configuration is sometimes referred to as "ion assisted deposition". Here also the 
energy, flux and direction of the bombarding ions are fully characterized and 
independent of the vapor source. This configuration has also been applied in the 
technique of molecular beam epitaxy (MBE) with simultaneous ion beam doping, 

V 

although broad-beam ion sources are not generally used in MBE. In both of these 

.... £ L t 

configurations, the arrival flux of atoms and the ion bombardment have different 
angles of incidence on the substrate. This can cause anisotropic properties in the 
film plane and may require, rotation of the substrate if isotropy in the plane is 
required. 
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the x axis is given by cos a = Pjc(y) and thus P| = °£^f - constant. 

If in two neighbouring horizontal strata the wave speeds are c(y } ) and c(y 2 ), then from the- 
constancy of p x it is readily observed that, at the interface 

cos a 1 c(y x ) 
cosa 2 c (y 2 ) 

which is SneJl's law in optics. 

To conclude this part of the discussion it is to be noted that a reasonably detailed accomsS 
of general wave front propagation and the role of characteristic equations in following t" 
propagation has been given* In the next section it will be shown how sputter erosion ( 
other surface modifying processes) is a specific example of such propagation and, conse^! 
quently, how the morphological development of sputter eroded surface can be predicted ifosflf 
the general techniques just examined. Moreover it will be shown that the several situations; 
discussed above each have their analogues in the sputter erosion area and that the historical 
developments outlined in the first section can be fully described by general wave propagation: 
formalisms. Given this underlying unified approach some problems, not previously addresses^ 
in sputter erosion theory, can be tackled and these potential applications are outlined later ifif 
the chapter. 

3 A SPUTTER EROSION AND OTHER SURFACE MODIFICATION PROCESSES 

The fundamental processes of sputtering have been fully considered in Section 5 A and: 

here we will merely use some of the major results of that discussion. 

Thus, we note that for an elemental crystalline target of surface orientation (hkftt 

irradiated at temperature T with atoms of energy E and mass M, incident at a polar angle 8 tof 

the surface normal and at azimuthal angle <j> {defined with respect to a selected crystalline 

direction) the total sputtering yield Y in atoms ejected per ion must be written as 

Y((h,k,l),T,E,M^/)>) for that target material. Further complexity results if one. is interested 

d 2 Y 

in the double differential yield ggig^ * or <* toms ejected with energies in^the /ange (E^, dE*J 
and over a specif ied solid angle d ft . ~* 

For initial simplification however we may consider the case of a random (amorphous! 
target irradiated at fixed temperature with *monoenergetic ions of a single species. In this 
case, ail but the dependence upon the polar angle 8 vanishes and Y = Yfe). A typical form for 
Y(9) is shown schematically in figure 5.2, which reveals that in general Yfe) increases from a 
minimum for 8=0 (normal incidence) to a maximum, via a relation somewhat like Yfe) -* 
Y(0)sec- n 9, to a maximum at 8 s ±8 p and then declines rather rapidly towards zero as 8^ 
± * 12 (grazing incidence). 



177 




-90 -60 -30 0 30 60 90 
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Fig, 5.2 Typical dependence of sputtering yield Y(8) with flux incidence angle to surface 
normal. 

If again, for simplification, we consider the case of irradiation by a uniform ion flux 
density J (ions.cm~ 2 sec~ l ) incident in the -Oz direction on to a surface plane inclined at angle 
6 to the xOy plane, then the ion f lux falling upon unit area of this plane is Jcos 6. The rate of 
atomic sputtering is thus 3.Y(0)cosG since the ion flux 3 makes an angle 6 to the surface 
normal* The linear rate of surface erosion, for a substrate of atomic density N is thus 



p n = 



3Y(6)cos Q 
N 



(35) 



By definition, since atoms are ejected in an averaged model of sputtering, from the surface 
atomic plane, the erosion process occurs normal to the surface, thus, equation (35) displays 
the speed of recession of a surf ace point along the normal direction. 

In general the ion flux 3 may be spatially non-uniform, distributed in direction and 
variable in time. Thus the differential erosion rate must be written 



H r> 3(x,y,2,t)dq ) Y(0)cos9 

a p n = - - 



(36a) 



where J(x,y,z,t) is the partial instantaneous ion flux incident in a solid angle d w about the 
incidence direction 9. 

The total erosion rate p n thus 



P n _ +7T ^ 2 rd o) .J(x,y,z,t) Y(e)cos6 



(36b) 



where the limits to the integral indicate that only ions incident to a surface point from the 
hemisphere above the surface point may be counted. 

Equation (36b) not only accounts for a general surface where all surface points are 
accessible to the distributed ion flux but also for surface contours where elevated regions 
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g. 6.9 General shape of the functional dependence of (a) the sputtering yield S with respect 
% (angle of incidence of the ion beam with respect to the surface normal); and b) ion 
Election coefficient R n vs. 6. Three characteristic angles are indicated (see text) (O. 
dello (26)). 
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6. 10 Sketches relevant to the bombardment-induced evolution of asperities and 
essions. (a) An asperity of width g and height hi which is everywhere convex-up and has £ t 
||>asai slope 6. (b) The pyramid into which (a) would evolve if intersection i moved 
iciently far. (c) A more generalized feature which is convex-up at its center and passes 
jughaslopee at some intermediate width g and height h 2 . (d) A possible intermediate 
ge of the bombardment-induced evolution of (c). (e) A pyramid which has a rounded tip, 
sin due to an appropriate fluctuation, (g) A depression with vertical slopes such as is 
entered during the fabrication of • rnicrocircuitry. (h) The steady-state form of a 
sssion which results owing to appropriate fluctuations in the sputtering process. (Kelly 
Auciello(l7)). 
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I, INTRODUCTION 

Over the past 20 years or so there have been numerous reviews of 
sputtering and sputtering processes for film deposition [1-15]. In this 
chapter we shall take a somewhat different viewpoint than those of most 
earlier reviewers. We shall attempt to treat this very complex subject 
from a process viewpoint. That is, we shall discuss the interactions of the 
process parameters to expose the many permutations and combinations 
that are available to control the properties of thin films. 

Because there are so many interactions among parameters in sputter- 
ing systems, it is impossible to separate them completely. Thus, there are 
necessary, but regrettable references made to later sections throughout 
the chapter. In an attempt to minimize any confusion that this may cause, 
we shall give a brief, simple overview of the subject in this section oefore 
going to the more detailed discussions. 

Figure 1 represents a greatly simplified cross section of a spuitering 
system. Typically, the target (a plate of the material to be deposited or the 
material from which a film is to be synthesized) is connected to a negative 
voltage supply (dc or if). The substrate holder faces the target. The holder 
may be grounded, floating, biased, heated, cooled, 01 some combination 
of these. A gas is introduced to provide a medium in which a glow dis- 
charge can be initiated and maintained. Gas pressures ranging from a few 
millitorr to about 100 mTorr are used, The most common sputtering gas is 
argon. 

When the glow discharge is started, positive ions strike the target plate 
and remove mainly neutral target atoms by momentum transfer, and these 



NEGATIVE VOLTAGE SUPPLY 



TARGET (SOURCE) 



GLOW DISCHARGE 



VACUUM 
CHAMBER 



SPUTTERING 

GAS 

SOURCE 



VACUUM 
PUMPS 



/. Simplified cross section of a sputtering system. 

rT denS H e thin . fi,mS - ThCre arC ' in addilion ' other P^icles and radia- 
0 produced at the target, d of which may affect fi m properties (sec 
n ary electrons and ions, desorbed gases, x rays, an/phS The 
lectrons an negat.ve ,ons are accelerated toward the substrate platform 
«to*tt and the growing film. In some instances, a bias pS 
.My negave) 1S applied to the substrate holder, so that the gro^ ng 
Mm is subject to posit.ve ion bombardment. This is known variously a 
bm W ortapto*. Initially, the term Ion plating" referred to 
Process ,n which the deposition source was a thermal ev poS I 
ment mstead of a sputtering target and the substrates were connected to a 
dc sputtering target [16], but it has sometimes been applied to any ^ 

Mm growth in a glow discharge environment [17] 

In some cases, gas« or gas mixtures other than Ar are used. Usually 
th-s involves some sort of waive sputtering process in which a com 

2' 2 1 m ' XtUreS) 10 f0rm a com P° und of metal and the 
*D ve gas speces (e.g.JiO,). Reactive sputtering is also used to re- 

wS, ' S ' erm,n0i0gy iS m ° re 0ften * Processesin 
wk a evaporant passes through a glow discharge in trans to an elec 

confused w, h chtmcol sparing in which the reactive gas (e g O,) 
-acts w,th the targe, surface (e.g., C) to form volatile compounds (e.g . 
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CO) that are pumped away [I]. Chemical sputtering is more properly re-, 
iated to ion etching processes (see Chapter V-2). 

We shall consider in detail the complex interplay among target kinet- 
ics, glow discharge phenomena, substrate conditions, equipment configu- 
ration, etc. that bear on the ability to control the properties of thin films. 



II, PHYSICAL AND CHEMICAL EFFECTS OF ION 
BOMBARDMENT ON SURFACES 

In sputter deposition, surfaces subject to ion bombardment are usually 
considered as the source of material from which films are grown' In addi- 
tion to the neutral (sputtered) material liberated from the bombarded sur- 
face which eventually condenses as a film, there are numerous other 
events that can occur at the target surface which may influence the growth 
of films profoundly, These include: secondary electron emission, second- 
ary positive and/or negative ion emission, emission of radiation (photons, 
x rays), reflection of incident particles, heating, chemical dissociation or 
reaction, bulk diffusion, crystallographic changes, and reflection of some 
of the emitted particles back to the bombarded surface (backscattering). It 
should be noted that all of these same phenomena apply to sputter-etching 
processes (Chapter V-2) in which the workpiece is a sputtering target and 
to substrates in most glow discharge deposition processes. (As will be 
shown later, any material body immersed in a glow discharge acquires a 
negative potential with respect to its surroundings and must be considered 
a sputtering target.) 

There have been several recent comprehensive reviews of the kinetics 
involved when a surface is ion bombarded [3, 6, 8, 12]. Therefore, we 
shall review them only briefly, emphasizing those target effects that can 
affect the way in which films grow. 

• A. Emission of Neutral Particles— The Sputtering Yield 

The sputtering yield is defined as the number of atoms ejected from a 
target surface per incident ion. It is the most fundamental parameter of 
sputtering processes. Yet all of the surface interaction phenomena in- 
volved that contribute to the yield of a given surface are not completely 
understood. Despite this, an impressive body of literature exists showing 
the yield to be related to momentum transfer from energetic particles to 
target surface atoms. There is a threshold for sputtering that is approxi- 
mately equal to the heat of sublimation. In the energy range of practical 
interest for sputtering processes (10-5000 eV), the yield increases with 



incident ion energy, and with the mass and d*shell filling of the incident 
ion (19, 20). 

The sputtering yield determines the erosion rate of sputtering targets; 
and largely, but not completely, determines the deposition rate of sput- 
tered films. Several compilations of experimental sputtering yield and re- 
lated data have been published [3, 5, 6, 21 , 22]. All sputtering yields and 
related data should be used with caution. In glow discharge systems, 
bombarding ions are by no means monoenergetic, and it is not necessarily 
valid to use yield values for pure metals when alloys, compounds, or mix- 
tures are sputtered. As will be shown, the sputtering yield of material A 
from a matrix of A + B is often very different from the sputtering yield of 
A from a matrix of A. Also, when sputtering yields of compounds are 
given, dissociation reactions are often ignored. Despite this, tabulations 
of sputtering yields are useful, if only to give a rough indication of the dep- 
osition or etch rate that might be expected for a given material. Tables 
I— III give a compilation of sputtering yields and relative film deposition 



Table I 



Spun f ring Yield of Elements at 500 eV 


Gas 


He 


Ne 


Ar 


Kr 


Xe 


Reference 


Element 














Be 


0.24 


0.42 


0.51 


0.48 


0.35 


(231 


C 


0.07 




0.12 


0.13 


0.17 


1231 


Al 


0.16 


0.73 


1.05 


0.% 


0.82 


[23] 


Si 


0.13 


0.48 


0.50 


0.50 


0.42 


(23) 


Ti 


0.07 


0.43 


0.51 


0.48 


0.43 


(23) 


V 


0,06 


0.48 


0.65 


0.62 


0.63 


[23] 


Cr 


0.17 


. 0.99 


1.18 


1.39 


1.55 


[23] 


Mn 








1.39 


1.43 


[231 


Mn 






1.90 






[24] 


Bi 






6.64 






[24] 


Fe 


0.15 


0.88 


1.10 


1.07 


1.00 


[23] 


Fc 




0.63 


0.84 


0.77 


0.88 


(25) 


Co 


0.13 


0.90 


1.22 


1.08 


1.08 


[23] 


Ni 


0.16 


1.10 


1.45 


1.30 


1.22 


(23) 


Ni 




0.99 


1.33 


1.06 


1.22 


(251 


Cu 


0.24 


1.80 


2.35 


2.35 


2.05 


(23) 


Cu 




1.35 


2.0 


1.91 


1.91 


[25) 


Cu CI 1 1) 




2,1 




2.50 


3.9 


[26] 


Cu 






1.2 






[27] 


Oe 


0.08 


0.68 


1.1 


1.12 


1.04 


[23] 


Y 


0.05 


0.46 


0.68 


0.66 


0.48 


[23] 


Zr 


0.02 


0.38 


0.65 


0.51 


0.58 


[23] 
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Tabic 1 {Continued) 


Gas 


He 


Nc 


Ar 


Kr 


Xc 


Reference 


Nb 


0.03 


0.33 


0.60 


0.55 


0.53 


[23] 


Mo 


0.03 


0,48 


0,80 


0.87 


0.87 


[23] 


Mo 


- 


0.24 


0.64 


0.59 


0.72 


[25] 


Ru 




0.57 


MS 


1.27 


1.20 


(23) 


Pti 
Kri 


V.UO 


A 7ft 


i M 

IJU 




I.JO 


1231 


Pd 


0.13 


1.15 


2.08 


2.22 


2,23 


123) 


Ag 


0.20 


1.77 


3.12 


3.27 


3.32 


[23] 


Ag 


1.0 


1.70 


2.4 


3.1 




(271 


Ag 







3.06 





_ 


128) 


Sm 


0.05 


0.69 


0.80 


1.09 


1.28 


123) 


Gd 


0.03 


0.48 


0.83 


1.12 


1.20 


123) 


uy 




U.JJ 


u.oo 


l is 


1 N 

1,47 


1111 


Er 


0.03 


0.52 


0.77 


1.07 


1.07 


123) 


Hf 


0.0! 


0.32 


0.70 


0.80 





(23) 


Ta 


0.01 


0.28 


0.57 


0,87 


0.88 


mi 

[23] 


w 


0.01 


0.28 


ft C7 


u.y l 


i m 
I.Ml 


mi 
IZjj 


KC 


U.UI 




U,<W 


\.Lj 




[hi 


Os 


0.01 


0.37 


0.87 


1.27 


1.33 


[23) 


Ir 


0.01 


0.43 


1.01 


1.35 


1.56 


[23] 


Pi 


0.03 


0.63 


1.40 


1.82 


1.93 


[23) 


Au 


0.07 


1.08 


2.40 


3.06 


3.01 


[23] 


Au 


0.10 


1.3 


2.5 




7.7 


[29) 


Pb 


1.1 




2.7 






[27] 


Th 


0.0 


0.28 


0.62 


0.96 


1.05 


[231 


U 




0.45 


0.85 


1.30 


0.81 


123] 


Sb , 






2.83 






124) 


Sn (solid) 






1.2 






[30] 


Sn (liquid) 






1.4 






(30) 



rates. The latter have been normalized to the sputtering yields of pure 
metals [21]. All target materials are polycrystalline unless otherwise indi- 
cated. 



B, Emission of Other Particles 

/. Secondary Electrons 

Since sputtering targets are held at high negative potentials, secondary 
electrons are accelerated away from the target surface with an initial en- 
ergy equal to the target potential. As will be shown in Section 1II.A, these 
electrons help to sustain the glow discharge by ionization of neutral sput- 



Gas 



Element 
Fe 
Fe 
Ni 

Ni 

Ni . 

Cu 
Cu 
Cu 

Cu (III) 
Cu 

Mo 
Mo 
Ag 
Sn 
w 

Au 
Au 
Pb 

Sn (liquid) 

Au(Ml) 
Au (100) 
Au (110) 
Au 

A! (Ill) 



Table II 

SwrntMofBemrntsatlM 



He N Ne N, 



Ar Kr Xe Reference 



0.55 
0.74 



0.85 
1,22 



1.33 
2.21 



. 1.42 
1.76 



2.26 



- 1.05 - _ _ 



- - 1.88 - 

- 1.5 - _ 



- - 2.75 - 

- " - 1.95 

0,3 



2.0 
2.85 

3.2 
4.5 



- 0.16 - 



0,49 
2.4 



- 0.18 - 



- 1.13 

- 3.8 

- 0.8 - _ 

0.2 



2.0 
3.42 

2.5 
4.65 

1.27 
4.7 



2.0 
3.6 

6.05 
1.60 



0,3 
1.5 



- 2.1 



1.0 
4.9 
3.0 
1.7 

3.7 
3.0 
2.0 
3.6 
1.0 



[25] 

(3] 

[25) 

[3] 

[26] 

(25] 
[3] 
12?) 
[26] 
[31] 

[25] 
[3) 
127] 
[32] 
[3] 

[32] 
[29] 

[30] 

[33] 
[331 
[33] 
[33] 
133] 



tenng gas atoms which in turn bombard the target and release more sec- 
ondary electrons in an avalanche process. Upon arrival at the substrate 
»ch energy as they retain after collisions in the gas is liberated in the 
form of heat [38-43]. Many of the secondary electrons are thermalized by 
J toons ,n the gas but even at high gas pressures, a substantial number 
of electrons retain full target potential upon impact at the substrates [41 , 

I Secondary Ions 

Most of the data on ion emission from solids due to primary ion bom- 
o^^ 

copy SIMS). Most of this literature deals with the formation and emis- 
m ol positive ions. However, in glow discharge sputtering, it is highly 
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meniscus showin 8 constriction of plasma and plasma 
meniscus (from Brewer ttal. [23]). 



'-extractor 

BAFFLE " L MAGNETIC RELO LINES 

highcr.fl J, 25] are obtained at about 20 keV beam energy through an aper- 
ture of 0,03-cm diameter with an energy spread of 10-50 eV ( 15], The con- 
verging region of magnetic field lines acts as a magnetic mirror to reflect 
electrons back to the cathode region [23], enhancing ionization efficiency. 

4, Other Ion Sources 

Several additional ion source types will be mentioned, with refer- 
ences, to indicate the variety of approaches to generating ions, These are 
listed with the hope of stimulating novel applications to thin film deposi- 
tion processes. The glow discharge ion source is simply a glow discharge 
between two plane electrodes with no magnetic field or thermionic cath- 
ode. One variation of this configuration is the hollow anode ion source in 
which the beam is extracted through a hole in the cathode plate [26, 27]. 
The hollow cathode ion source, of the same basic type, may be used in 
place of a thermionic cathode in applications where lifetime or contamina- 
tion from the cathode are important [4, 28]. The twin anode or electro- 
static ion source uses the geometrical arrangement of the anode surfaces 
within a surrounding cathode to produce long oscillatory electron trajec- 
tories, gaining enhanced ionization with no magnetic field [29]. 

The term arc discharge ion source applies to several configurations. In 
one type the desired material is vaporized from a crucible directly into a 
low voltage thermionically supported arc discharge. With some materials 
the arc is self sustaining with no support gas [30, 3 1], No magnetic field is 
. used. Ions are extracted with a low energy spread of 0.1-1.0 eV [31], 

The electrohydrodynamic ion source [10] is a liquid-metal field, emit- 
ting tip which generates a very high brightness, low current ion beam. A 
strong electric field pulls the liquid into a cusp-shaped tip less than 10 -4 - 
cm diameter. 

A vapor stream of atoms may be ionized by direct electron bombard- 
ment from a hot filament [32]. A variation of this technique, the ionked 
cluster source [33], vaporizes the desired material through a small orifice, 
inducing cluster formation as the vapor stream expands. 

High multiply-charged ion states, for example Ar 1 ", Kr 17 *, Xe 21 *, 



have been obtained by constraining the ions long enough for sequential 
ionization [34]. Negative ion beams may be generated by sputtering the 
desired material with a beam of low ionization potential material such as 
cesium [35], and may also be extracted from an off-axis aperture in a duo- 
plasmatron [36]. Very high current hydrogen ion beams (several amperes) 
have been generated with a combined duoplasmatron and Penning ion 
source [37]. 

C. Beam Extraction and Control 

/. Ion Extraction 

Ions in the interior of the plasma diffuse to the plasma boundary, 
where they are extracted by an electric field. The rate of ion extraction is 
determined by Child's law of space charge limited current flow [4, 38]. In 
a planar geometry the space charge limited current density between two 
planes a distance d apart with potential difference V is 

where e 0 is the permeability of free space and qjm is the charge-to-mass 
ratio of the particles. This relationship determines the upper limit for 
planar current flow and demonstrates two important controls on the cur- 
rent density. Ion extraction from the plasma increases rapidly with in- 
creased extraction voltage and with decreased spacing between the 
plasma boundary and extraction electrode. For nonplanar geometries 
only the proportionality constant changes in Child's law, thus a given geo- 
metry may be characterized by the ratio the perveance [4]. 

Acceleration takes place mainly in the extraction region, since this is 
usually where the greatest potential drop occurs. However, the ion en- 
ergy at the target is determined only by the potential difference between 
the target and the point of origin of the ion, which is usually within a few 
volts of anode potential. The usual arrangement is to have the target at 
ground potential and raise the entire source chamber to the desired beam 
voltage, with the extraction electrode at ground potential or lower. 

As an example of extraction geometry, Fig. 7 shows the potential dis- 
tribution through the extraction region of a Kaufman source [4]. The 
screen electrode is at the source potential (positive) and the accelerator or 
extraction electrode is negative. The screen voltage is lower than the 
anode voltage by the discharge voltage, with the difference between 
plasma potential and anode voltage not indicated. The extraction elec- 
trode is held negative, typically -200 V for source voltage of 1000 V, for 
two reasons. The rate of ion extraction is increased by a larger potential 
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The beam profile from a duoplasmatron or other single aperture source 
is usually close to Gaussian, determined more by the range of transverse 
velocities and the ion transport optics than by the initial profile at the ex- 
tractor. 

2. Beam Transport 

Beam deflection is accomplished by transverse electric fields (42] and 
mass separation by magnetic fields [43], If mass separation is desired with 
a straight trajectory, crossed electric and magnetic fields will select a par- 
ticular velocity and deflect all others, acting as a mass separator [31, 44], 
. One type of focusing lens will be mentioned briefly, The Einzel, or uni* 
potential, lens consists of a decelerate section followed by an accelerate 
section back to the initial beam energy [24], The field distribution defo- 
cuses the beam while it is at high energy and focuses while it is at low 
energy, resulting in a net focusing of the beam. Examples of using the Ein- 
zel lens to focus the beam from a single aperture source are given in Sec- 
tions IIIA and IV. A. 

1. Neutralization 

The above methods of deflecting and focusing an ion beam apply to a 
nonneutralized beam. With the broad beam from a Kaufman source, neu- 
tralization is necessary to avoid beam spreading by space charge repul- 
sion. This is accomplished by adding electrons from a thermionic filament 
(Fig, 4) and monitoring the net current to the target or a beam probe. 
When the net current is zero, the arrival rate of ions equals that of elec- 1 
irons, but the ions are not neutralized by recombination since the mean 
free path for this process is much larger than the beam diameter [4]. 
The beam is itself a plasma, in which the electrons rapidly distribute to 
cancel net charge, thus electron injection does not have to be uniform. 
The neutralizer filament is sputtered by the beam, and contributes to con- 
tamination unless suitable masking is provided. An alternate method of 
•injecting electrons into the beam is from a hollow cathode source (the 
plasma bridge neutralizer) which may be located outside the beam 
[4,44a]. 

D. System Requirements 

L Materials 

Materials in the ion source must be stable at the temperatures involved 
(several hundred degrees Celsius), have low sputtering yield if subjected 
to ion bombardment, and low susceptibility to corrosive gases, if used. 



Particularly important components are the cathode filaments and elec- 
trode apertures. Thermionic cathodes are tantalum or tungsten wire [18], 
or barium oxide coated mesh [24]. Thermal cycling leads to embrittlement 
and failure, with exposure to oxygen or more reactive gases shortening 
filament life greatly. Magnetic fields may be supplied by an external sole- 
noid, usually air cooled, or by permanent magnets, which do not have to 
be exposed to the plasma. Other surfaces may be molybdenum for ther- 
mal stability; In the Kaufman source the screen and accelerator grids span 
a large diameter, with a small separation, typically 0.1 cm. Thermal ex- 
pansion leads to distortion, directly affecting extracted ion density and 
uniformity. These problems are minimized in ion thrusters by using 
dished molybdenum grids [4], such that thermal distortion occurs uni- 
formly across the grids, but these are difficult to make accurately. Pyroly- 
tic graphite provides the best combination of low thermal expansion, high 
thermal conductivity, and mechanical stiffness in flat grids [18]. For high- 
est purity films it may be necessary to fabricate parts of the ion source out 
of materials that are compatible with the desired film [27, 45]. 

The lifetime of the source is limited by the hot cathode burning out or 
by buildup of sputtered material in the source, leading to shorting or to 
insulating coating of electrodes. Flaking of accumulated sputtered ma- 
terial may also cause shorts and insulating supports must be shielded from 
sputter coating. Lifetimes range from hours to months depending on 
operating conditions. 

2. Vacuum and Gas 

The gas pressure in the ion source is determined by the type of source 
and the ion .density needed for the desired ion current. Therefore the 
pressure at the target is determined by the conductance of the ion source 
apertures and the pumping speed of the pump, assumed to be in the target 
region. Background gas in the path of the beam has two effects in addition 
to the effect of gas pressure on the source itself. Large angle collisions 
contribute slightly to beam divergence, and charge exchange collisions 
which result in fast neutrals and slow ions contribute to the sputtering rate 
at the target without registering as ion current to a probe [18]. The 
pressure must be below about I Pa to sustain a beam without excessive 
scattering, but is usually maintained around 0.1 Pa or lower to minimize 
divergence and contamination. 

3. Electrical and Other Requirements 

The electrical power requirements of the ion sources described above 
are straightforward. The filaments may be heated with ac or dc current of 
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copies of selected portions of "Thin Film Processes", edited by John L. Vossen and Werner 
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Roger Kelly, published by Elsevier in Amsterdam in 1984 (R2). These two reference 
documents Rl and R2 will be utilized in Applicant's arguments which are set forth herein 
below. 

Without going into the detail of each and every rejection presented by the Examiner, 
Appellant respectfully submits that essentially it is the Examiner's opinion, which is not 
supported by any documentation, that a particle beam generated by a plasma sputtering device 
is substantially the same as an ion beam, that the properties in the product produced by the 
utilization of an ion beam would be substantially or inherently the same as that of a plasma 
sputtering device and the product produced utilizing the plasma sputtering device has no 
advantages over one produces with an ion beam. Accordingly, it is the Examiner's opinion 
that Applicant's claims are all anticipated or obvious over the art cited by the Examiner. 
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In reply to this position by the Examiner, Appellant respectfully submits that a plasma 
sputtering beam and an ion beam are not equivalent. In particular, each have different 
properties and Appellant respectfully submits that plasma sputtering has advantages over ion 
beams. These two issues will be discusses at length below. 

In particular, Appellant respectfully submits that for the ion beam generated from ion 
guns (also called ion sources), a low background gas pressure is usually maintained of about 
0.1 Pa or lower to minimize divergence of the beam and contamination (see Rl, page 187, 
lines 35 and 36). Since the ion beam operates in a low background gas pressure, the energetic 
ions will travel a sufficient distance along a free path without collisions with the gas 
molecules. Therefore, the ion flux and the ion energy are independently controlled and the 
direction of ion impact on the surfaces is controlled (see R2, page 130, lines 19-23). Also, 
Appellant respectfully submits that a focus system of the ion source can decrease the 
divergence of the ion beam. For example, in a normal condition, the plasma edge beside the 
grid system in ion guns could form a proper shape, which gives the ion beam an initial 
convergence. Acceleration of the ions takes place mainly in the extraction region in the ion 
guns, since this is usually where the greatest potential drop occurs (see Rl, page 183, lines 24- 
25). As a result, any ions leaving the discharged plasma and striking ground will have an 
energy corresponding to the anode potential. Still further, the ion beam has a direction which 
is well defined with narrow energy spread (see R2, page 132, lines 24-26). 

In contrast to ion beams from an ion source, Appellant respectfully submits that for the 
particle beam generated from plasma sputtering systems, the background gas pressure is 
significantly higher than that of the ion beam. In particular, the gas pressure of the sputtering 
system usually ranges from a few millitorr to about 100 mTorr (see Rl, page 12, lines 37-38). 
In some cases, Appellant respectfully submits that the gas pressure can even be the same as 
atmosphere for daily applications rather than the utilization in a vacuum chamber. Appellant 
respectfully further submits that in this range of gas pressure, the collisions between the ions 
and gas molecules will occur constantly. As a result of the collisions, the energy and 
direction of the ions will be different from the original values they were when accelerated by 
the electric field. Still further, there is no focus system in plasma sputtering systems and 
therefore they are simpler than ion beams and less costly. Also and as a result, the particle 
beam generated from plasma sputtering systems has a direction poorly defined with wide 
energy spread and is quite different from that of an ion beam generated from ion guns. 



99999.76444/3526407.1 



2 



With the above in mind, Appellant respectfully submits that the direction of the ions in 
a single particle beam from plasma sputtering are random, while the direction of the ions in an 
ion beam from an ion gun are well defined. Also, the energy of the ions in a single particle 
beam from plasma sputtering is widely distributed while the energy of ions in an ion beam 
from ion guns is the same. Accordingly, Appellant respectfully submits that the properties of 
the two types of particle beams are quite different. As a result, Appellant respectfully submits 
that since the energy distribution of the plasma sputtering is widely distributed, the 
smoothness of the material surface can be more easily achieved. In contrast thereto, the focus 
tight high energy ion beam from ion guns has a tendency to cause an uneven surface because 
small areas of the surface are impacted with the high energy beam at a time. 

In addition to the above, Appellant respectfully submits that the average number of 
atoms ejected from the target per incident ion is called the sputtering yield. Sputtering yield 
depends on the ion incident angle, which can be both calculated from theory (see Rl, page 
177, Fig. 5.2) and measured (see R2, page 2, Fig. 1.1). Still further, there is a maximum 
sputtering yield which can be achieved at a certain incident angle to the surface normal and 
the sputtering yield will be lower when the incident angle is some other value. Accordingly, 
when the target (processed material) surface is rough, the local normal directions of the 
different zones of the target surface are obviously different from each other. In this case, the 
sputtering yields of different zones of the target surfaces are not equal if the incident ions 
come from the same direction. However, if the directions of the ions are poorly defined, the 
sputtering yields of the different zones of the target surface can be uniform. Therefore, since 
plasma sputtering creates ions from different directions, it is easier to create a uniform surface 
with a particle beam generated by plasma sputtering. 

In addition, Appellant respectfully submits there will be .a shadow of sharp asperities 
where a well defined ion beam from an ion gun is not able to reach (see R2, page 233, Fig. 
6. 10). However, this problem can be handled when the ion directions of the particle beam 
from the plasma sputtering are poorly defined. Because the directions of the ions in the , 
particle beam from plasma sputtering are random, the shadow from one incident direction can 
be reached by the ions in other directions. Therefore, the particle beam of plasma sputtering 
has the effect of smoothing the rough surface better than ion beams of ion guns. 

Still further to the above, Appellant respectfully submits that the same things happen 
as described above in cases of changing the microstructure or internal defects of the target 
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because of the same reasons. In particular, the particle beam of plasma sputtering has better 
effect than the ion beam from ion guns. The more uniform arrival of ion density can be 
achieved with less shadow with the plasma sputtering since the ion directions of the particle 
beam from plasma sputtering are poorly defined. 

From the above, Appellant respectfully submits that the advantages of ion beams 
coming from ion guns include small divergence angle, small energy distribution, individual 
and separate controlling energy and beam flow with the energies and the directions of the 
particles being concentrated. However, Appellant respectfully submits that these advantages 
of ion beams are not suitable for surface modification of a pre-formed material, especially not 
suitable for the modification of rough surfaces. As a result, Appellant respectfully submits 
that the disadvantages perceived by some of the particle beam from plasma sputtering being 
poorly defined and random, are in fact advantages since they are able to process a material 
surface to be smoother and more uniform than an ion beam. 

By way of example, Appellant respectfully submits that an ion beam from an ion gun 
functions substantially the same as the bullets from a machine gun, whereas the particle beam 
from plasma sputtering functions similar to the bullets from a scatter gun. Clearly the bullets 
between these two types of guns are different in that the direction of the bullets from a scatter 
gun are rather random and therefore hit a large area, while the direction of the bullets from a 
machine gun are defined to form a line. As a result of the differences between a scatter gun 
and a machine gun, each is utilized for a particular purpose and cannot achieve the other's. 

Based upon the discussion above, Appellant respectfully submits that the advantages 
remain in bombarding a high temperature superconductor, which cannot be produced with a 
particle beam produced by the apparatuses of the prior art. In particular, the advantages of a 
particle beam from plasma sputtering in fabricating and modifying a high temperature 
superconductor are as follows: 

1. The structure of YBCO high temperature superconductors consist of many 
layers, including the substrate, buffer layers and YBCO superconductor layer. The substrate 
and buffer layers need to be cleaned, smooth and activated by the particle beams before the 
fabrication of an upper layer. Since the particle beam from sputtering is distributed in energy 
and arrives from random directions, smoothing and cleaning can be easily achieved. Still 
further, since the particle beam from plasma sputtering bombards a larger area, the 
modification speed is increased. 
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2. In the process of ipodifying the YBCO superconductor surface, the oxygen 



pressure should be high enough to prevent the degrading of the superconductivity. Appellant 
respectfully submits that a high gas pressure is not suitable for ion beams from ion guns as is 
discussed above and oxygen is usually harmful to the ion guns. In contrast thereto, a particle 
beam from plasma sputtering can function in such an atmosphere and can modify the surface 
of the superconductor device without degrading its superconductivity. 

In view of the above, therefore, Appellant respectfully submits that ion beams are not 
substantially similar to particle beams from plasma sputtering and do not result in a 
substantially similar process. In addition, Appellant respectfully submits that in a method for 
surface modification in manufacturing high temperature superconducting devices, a particle 
beam from plasma sputtering has advantages over ion beams and provides a method utilizing 
a substantially simpler apparatus which can achieve the processing in less time. Therefore, 
Appellant respectfully submits that Appellant's invention as claimed by Appellant's claims 1 
through 13 and 15 through 18 are not anticipated by nor obvious over the art cited by the 
Examiner. 

Therefore, Appellant respectfully requests that the board favorably consider 
Appellant's remarks and find Appellant's invention as claimed patentably distinct from the art 
cited by the Examiner. 
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Chapter I 




HISTORICAL OVERVIEW OF ION-INDUCED MORPHOLOGICAL MODIFICATION OF 
SURFACES 

ORLANDO AUCIELLO 

1.1 INTRODUCTION : 

This book is concerned with ion-bombardment modification of surfaces due mainly to 
erosional and depositiohal phenomena. Chemical, electrical, mechanical, etc. changes, due to 
ion bombardment of surfaces, are the subject of other reviews. 

The two most important phenomena relating to ion bombardment modification of surfaces 
are sputtering and ion implantation. In spite of their similar degree of relevance, the 
evolution in the understanding of the underlying mechanisms has been quite different. 
Sputtering was observed by Grove, apparently for the first time, in 1853 CD as the cause of 
metallic deposits on the glass wails of discharge tubes. However, it took almost half a 
century before sputtering was recognised (2) to be an effect caused by positive ions, from the 
discharge, hitting the cathode; and about a century before a quantitative description of this 
phenomenon started to be developed. ■ By contrast, it can be said that the evolution in the 
understanding of the ion implantation process started with the theoretical works of Bohr (3) 
and Lindhard, Scharf f, and Schitftt (4), who set the bases for the understanding of the stopping 
power of high and low energy ions penetrating through matter. These works, supported by the 
first accurate experiments on ion ranges by Davies and coworkers {5, 6), initiated a 
comparatively faster development, with respect to sputtering, in ion implantation. 

A historical overview of the main advances in the understanding of ion bombardment 
modification of surfaces, due to erosional and depositions! phenomena is presented in this 
chapter. It will be followed by three chapters of a general nature, regarding the subject 
treated in this book (Chapters 2-*),. four more on the fundamentals of surface modification 
(Chapters 5-8), and finally five on applications of modified surfaces (Chapters 9-13). 



1.2 EROSION-INDUCED MORPHOLOGICAL CHANGES 

Solid surfaces are generally eroded when bombarded with energetic particles, namely 
neutral atoms/molecules, ions, electrons, or photons. The phenomenon responsible for such 
erosion is sputtering, which, according to the present knowledge (see Chaptef 2 of this book), 
presents several variants now known as' coliisional, thermal, electronic, and exf^Jfetional 
sputtering. It can also be understood within the framework of two main concepts, physical 
and chemical sputtering. Thfe former involves the transfer of kinetic energy from the 
incident particle to target atoms, which results in the ejection of atoms through the surface. 
The, second is due to a chemical reaction between the impinging particles and target atoms, 
which leads to the formation of volatile molecules. Details about physical sputtering, from 
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both the theoretical arid experimental point of view, can be found in a recent comprehensive 
treatment of this, subject (7), Chemical sputtering is also reviewed in ref, (7), Chapter 2 of 
this book, and in more recent work* related to fusion technology, by Auciello, Stangeby and 
Haasz (8, 9, 1.0), who have clarified previous experimental and conceptual inconsistencies, and 
discovered new aspects of the chemical sputtering phenomenon for carbonoceous materials. 

It has been observed that both: sputtering mechanisms mentioned above can produce 
morphological changes on surfaces. Changes induced by physical sputtering arise mainly due 
to the dependence of the sputtering yield (Y) on the angle of incidence (8) of the primary 
beam with respect to the surface (Fig. ,1.1); Such a dependence was first observed by Fetz 
(11), and confirmed later by other groups (12-14). It is important to notice that one reason 
for the lack of reproducibility in the data of Fig, 1.1 may be the influence of surface 
topography developed on bombarded surfaces during sputtering yield measurements, an effect 
to which no appropriate attention has been paid by the different groups. 
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Fig. 1.1. Heavy-ion sputtering yields as a function of angle of incidence (7), The dash-and- 
dot curve represents theoretical calculations by Sigmund (7), The solid curves are drawn only 
to guide the eye. 
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4 2 DEPOSITION METHODS INVOLVING ION BOMBARDMENT 
4.2.1. Radio-frequency bias sp uttering 

Many of the effects of ion bombardment during deposition were demonstrated 
using radio- frequency (rf) bias sputtering and later observed in other deposition 
systems. The equipment and principles of ff iSputtering "are" thtirdtigftty described 
elsewhere [1] and the technique will only be described here to bring out the capabil- 
ity for ion bombardment during film growth. 

An rf diode sputtering system is shown schematically in Fig. 4.1. The target 
electrode (cathode) is driven by rf power to sustain a glow discharge plasma in the 
process gas. The cathode develops a negative dc voltage equal to about half the rf 
peak-to-peak voltage. Ions are accelerated across the cathode dark space to sputter 
atoms from the target surface. At a typical pressure of 4 Pa (30 mTorr), the 
sputtered atoms rapidly lose their ejection energy by collisions with the background 
gas [2], and diffuse to the substrates at essentially thermal energy. Ion bombard- 
ment of the substrates is provided by an rf bias voltage applied to the substrate 
electrode (anode), which develops a negative bias relative to the glow discharge. 
This potential difference accelerates ions from the plasma to the substrate, providing 
ion bombardment of the film during deposition. An applied substrate bias of -50 to 
-300 V is typically used with target voltages of -1000 to -3000 V. Other energetic 
particles striking the growing film are: discharge ions reflected from the target as 
neutrals; secondary electrons accelerated from the target across the dark space; 
negative ions emitted from the target [3]; and charge exchange neutrals formed in 
the anode dark space [4j. Due to the charge exchange process in the anode dark 
space, very few discharge tons strike the substrate with the full bi$is voltage, but 
rather a broad, low energy distribution of ions and neutrals bombards the growing 
film [4]. Another complication is the lack of direct control over the plasma poten- 
tial, which is positive with respect to the grounded chamber walls, and depends on 
the system geometry and gas pressure, typically 20 V at 4 Pa [5j. This plasma 
potential must be added to the applied substrate bias to determine the maximum ion 
energy striking the film. 
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4*2. Broad-beam multiaperture ion beam source [9]. 
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Controlling the flux of ions bombarding the film in an rf diode system is not 
straightforward. Increasing the substrate bias voltage not only increases the bom- 
barding ion energy, but also enhances the ion density in the glow discharge, thereby 
increasing the ion flux to the substrate. Fortius reason, the bombarding ion energy 
and flux are not independent parameters. Cuomo and Gambino [6] have successful- 
ly modeled the substrate ion flux as proportional to the one-half power of substrate 
bias voltage, 

. : x ,m 

J * V b . . (1) 

but to obtain quantitative flux values requires a detailed accounting of the geometry 
of the system. This difficulty, together with the broad energy distribution of 
particles striking the film, has limited the quantitative understanding of substrate 
bias effects, and the ability to translate data from one system to another. 

4.2.2. Broad-beam ion sources 

The broad-beam multiaperture electron bombardment ion source was invented in 
1961 as an ion thruster for space propulsion [7]. An extensive effort followed to 
improve the efficiency of this ion source with the goal of obtaining the highest ion 
beam flux for a given gas flow and power input. These developments have yielded 
an ion source suitable for material processing, generating collimated, well- 
characterized ion beams from a wide choice of gas species [8]. The primary advan- 
tage of ion beam processing of materials lies in the control available with an ion 
beam as compared to other plasma processes. The ion flux and ion energy are easily 
measured and independently controlled, and the direction of ion impact on surfaces 
is controlled, since the beams operate* in a low background gas pressure of typically 
0.01 Pa (~ 10* 4 Torr). The development of broad-beam ion sources and their 
applications to etching, surface compound layer formation, and thin film deposition 
are described in recent review articles [9], The basic configuration of a broad-beam 
ion source is shown in Fig. 4.2, which illustrates a cylindrical unit generating a 
circular beam. The ion source is mounted in a vacuum chamber (not shown) capable 
of maintaining a background pressure of about 0.01 Pa (~ 10" 4 Torr) at the operat- 
ing conditions (generally a pumping speed of several hundred to several thousand 
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For maify/,miiteritfis^p)i.iicatioas;' a high ion- flux is desired in order to carry out ' 
the etching/deposition process at a reasonable rate, For reference, 1 mA/cm 2 
represents several monolayers equivalent of bombardment per second, and 1(T 4 Pa 
(~l'<r* Torr) represents about one monolayer equivalent of background gas arrival 
rate per second. Therefore an ion flux of tenths of a mA/cm 2 or higher is necessary 
for surface treatment processes to 6e^ rate of 

residual gases, for processing systems with Kase pressures of 1 0" 5 Pa (^lO* 7 Torr). 
Also, many applications require low* ion energy (several hundred eV or less) to 
minimize damage to substrates. This combination of high ion flux at low energy is 
difficult to achieve with the conventional dual grid ion source of Fig. 4.2 because 
the ion flux is space charge limited by the grid separation. The maximum ion flux is 
determined by Child's Law [9,1Q]: 

J mux -(4^/9)(2^/m) !/ V^ 2 // 2 ? . (2) 

where j max is the maximum ion flux flowing between two planes, V is the potential 
difference between the planes, / is the spacing between the planes, e/m is the 
charge-to-mass ratio of the ions, and e 0 is the permittivity of space. For practical 
ion source configurations, / is approximately given by the spacing between the screen 
and accelerator grids [9], This space charge limit sets a ceiling on the, ion flux 
obtainable at a given ion energy, and becomes a severe limit at low energy, For 
example, with a dual grid system which produces L5 mA/cm 2 at 1000 eV ion 
energy, the ion flux available at 100 eV follows from Eq, 2 as only 0*05 mA/cm 2 . 
Several improvements in the low energy performance have been made and recently 
described [9,1 1]. 

The output of a broad-beam ion source is an ion beam of well-defined direction 
and low energy spread. Beam divergence angles can be as low as several d^rees, 
and energy spreads are typically 10 eV [9j. In addition to the ion flux, a substantial 
neutral gas flow passes through the extraction grid system, since the grids have a 
high fraction of open area (50-60%). For many materials applications, however, 
this background gas flux does not greatly affect the process, as the gas is usually an 
inert or molecular species of low chemical reactivity. The background pressure is 



133 

very low (0:01 Pa,~10" 4 Torr) compared to a typical rf sputtering or etching plasma 
(1-10 Pa, ~ 10-100 mTorr). 

This low pressure, combined with the short ton acceleration distance between the 
grids (about 1 mm), is responsible for the low energy spread. Other species present 
in the beam include; low energy electrons with a Maxwellian temperature of several 
eV [8]; charge exchange neutrals caused by collisions of positive beam ions with 
background gas atoms [12]; and sputtered atoms from the target surface toombar<ted 
by the ion beam. Therefore, the ion beam processing environment is characterized 
by an ion flux of well-defined intensity, energy and direction, with relatively low 
power input to the substrate from other energetic species. This situation creates a 
suitable environment for quantitative materials processing by controlled ion bom- 
bardment. 

The two main configurations for using broad beam ion sources for ion bombard- 
ment during film deposition are shown in Figs. 4.3 and 4.4. In the dual ion beam 
system (Fig. 4/3), an inert or reactive ion beam sputters a target material to produce 
a deposition flux of atoms onto the substrate. Simultaneously, a second ion source 
aimed at the substrate supplies an ion beam of inert or reactive ions to bombard the 
growing film. In the example shown, the substrate holder is equipped with a crystal 
rate monitor and an ion current monitor to measure the incident atom and ion fluxes 
directly. These features provide a proper characterization of the incident particle 
flux onto the film surface. In the second configuration (Fig. 4.4), an ion source is 
used in conjunction with a vapor source, such as an electron tream evaporator, to 
add ion bombardment capability to another widely used deposition technique, This 
configuration is sometimes referred to as "ion assisted deposition". Here also the 
energy, flux and direction of the bombarding ions are fully characterized and 
independent of the vapor source. This configuration has also been applied in the 
technique of molecular beam epitaxy (MBE) with simultaneous ion beam doping, 
although broad-beam ion sources are not generally used in MBE. In both of these 
configurations, the arrival flux of atoms and the ion bombardment have different 
angles of incidence on the substrate. This can cause anisotropic properties in the 
film plane and may require, rotation of the substrate if isotropy in the plane is 
required. 
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the x axis is given by cos d.= pjc(y) and thus Pj = = constant. 

If in two neighbouring horizontal strata the wave speeds are c(y x ) and c(y 2 ), then from ti§i 

constancy oi p x it is readily observed that,- at the interface M 

M 



cos a 



1 c(yj 



cos a, 



c(y 2 ) 



which is Snel'I's law in optics. 

To conclude this part of the discussion it is to be noted that a reasonably detailed accouS 
of general wave front propagation and the role of characteristic equations in following 
propagation has been given. In the next section it will be shown how sputter erosion (, 
other surface modifying processes) is a specific example of such propagation and, c 
quently, how the morphological development of sputter eroded surface can be predicted fi 
the general techniques just examined. Moreover it will be shown that the several situatkag 
discussed above each have their analogues in the sputter erosion area and that the historical 
developments outlined in the first section can be fully described by general wave propagatii^B 
formalisms. Given this underlying unit ted approach some problems, not previously addre$5|ij| 
in sputter erosion theory, can be tackled and these potential applications are outlined later 
the chapter. 1 

5A SPUTTER EROSION AND OTHER SURFACE MOQlFtCATHDN PROCESSES 'Jf 

The fundamental processes of sputtering have been fully considered in Section 5 A 

here we. will merely use some of the major results of that discussion. 

Thus, we note that for an elemental crystalline target of surface orientation {hk|S& 

irradiated at temperature T with atoms of energy E and mass M, incident at a polar angles m| 

the surface normal and at azimuthai angle <j> (defined with respect to a selected crystal UiihB 

direction) the total sputtering yield Y in atoms ejected per ion must be written ^Jljl 

Y((h,k,l),T,E,M,6,4>) for that target materiaL Further complexity results if one is interested™ 

d 2 Y ' if 

in the double differential yield g-gr^ for atoms ejected with energies in^the^ange (Ei,, dEjH 

and over a specified solid angle d ft. ~" 

For initial simplification however we may consider the case of a random (amorphou#l 

target irradiated at fixed temperature with Ynonoenergetic ions of a single species. In thi£j| 

case, all but the dependence upon the polar angle 0 vanishes and Y = Y(£). A typical form foi| 

Y(8) is shown schematically in figure 5*2, which reveals that in general Y(&) increases from a; 5H 

minimum for 0=0 (normal incidence) to a maximum, via a relation somewhat like Yfe) S: 

Y(0)sec- n 9, to a maximum at 9 = ±6^ and then declines rather rapidly towards zero as 8^ 

* 71 /2 (grazing incidence). J 
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Fig. 5.2 Typical dependence of sputtering yield Y(6) with flux incidence angle to surface 
normal. 

If again, for simplification, we consider the case of irradiation by a uniform ion flux, 
density J (ions«crrr 2 5ec~ l ) incident in the -Oz direction. on to a surface plane inclined at angle 
6 to the xOy plane, then the ion flux failing upon unit area of this plane is Jcos 0* The rate of 
atomic sputtering is thus 3.Y(o)cos8 since the ion flux 1 makes an angle 0 to the surface 
normal. The linear rate of surface erosion, for a substrate of atomic density N is thus 



JY(e)cos Q 
N 



(35) 



By definition, since atoms are ejected in an averaged model of sputtering, from the surface 
atomic plane, the erosion process occurs normal to the surface, thus, equation (35) displays 
the speed of recession of a surface point along the normal direction. 

In general the ion flux 3 may be spatially non-uniform, distributed in direction and 
variable in time. Thus the differential erosion rate must be written 



JCx^z^Jdo ) Y(Q)cos8 
N 



(36a) 



where J(x,y,z,t) is the partial instantaneous ion flux incident in a solid angle d to about the 
incidence direction 8. 

The total erosion rate p n thus 



n - 



+ 7T/2 

-it/2 



fd qj .3(x,y 9 z 9 t) Y(9)cos8 
j N 



Ll (36b) 



where the limits to the integral indicate that only ions incident to a surface point from the 
hemisphere above the surface point may be counted. 

Equation (36b) not only accounts for a general surface where all surface points are 
accessible to the distributed ion flux but also for surface contours where elevated regions 
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General shape of the functional dependence of (a) the sputtering yield S with respect 
{angle of incidence of the ion beam with respect to the surface normal); and b) ton 
tton coefficient R n vs. 6. Three characteristic angles are indicated (see text) (O. 
^'eilo (26)). 





S-'&10 Sketches relevant to the bombardment -induced evolution of asperities and 

S essions, (a) An asperity of width g and height hi which is everywhere convex-up and has £ 
dftsalslopeS. (b) The pyramid into which (a)' would evolve if intersection i moved 
Kpciently far* (c) A more generalized feature which is corivex-up at its center and passes 
^ugh a slope § at some intermediate width g and height h 2 . (d) A possible intermediate 
ff|e of the bombardment-induced evolution of (c). (e) A pyramid which has a rounded tip, 
Mm due to an appropriate fluctuation, (g) A depression with vertical slopes such as is 
%untered during the fabrication of ■ rnicrocircuttry. (h) The steady-state form of a 
Iression which results owing to appropriate fluctuations in the sputtering process. (Kelly 
^Aucielio(l7)). 
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I, INTRODUCTION 

Over the past 20 years or so there have been numerous reviews of 
sputtering and sputtering processes for film deposition [1-15]. In this 
chapter we shall take a somewhat different viewpoint than those of most 
earlier reviewers. We shall attempt to treat this very complex subject 
from a process viewpoint. That is, we shall discuss the interactions of the 
process parameters to expose the many permutations and combinations 
that are available to control the properties of thin films. 

Because there are so many interactions among parameters in sputter- 
ing systems, it is impossible to separate them completely. Thus, there are 
necessary, but regrettable references made to later sections throughout 
the chapter. In an attempt to minimize any confusion that this may cause, 
we shall give a brief, simple overview of the subject in this section oefore 
going to the more detailed discussions. 

Figure I represents a greatly simplified cross section of a spuitering 
system. Typically, the target (a plate of the material to be deposited or the 
material from which a film is to be synthesized) is connected to a negative 
voltage supply (dc or if). The substrate holder faces the target. The holder 
may be grounded, floating, biased, heated, cooled, or some combination 
of these. A gas is introduced to provide a medium in which a glow dis- 
charge can be initiated and maintained. Gas pressures ranging from a few 
millitorr to about 100 mTorr are used, The most common sputtering gas is 
argon. 

When the glow discharge is started, positive ions strike the target plate 
and remove mainly neutral target atoms by momentum transfer, and these 



NEGATIVE VOLTAGE SUP PLY 
[TARGET (SOURCE)"" 



GLOW DISCHARGE 



SUBSTRATE HOLDER 



3 I 



VACUUM 
CHAMBER 



Iff VACUUM 

♦ PUMPS 
SPUTTERING 
GAS 
SOURCE 

% /. Simplified cross section of a sputtering system, 

tinn denS H thin u fi ' mS - ThCre arC> in addition ' other P arti ^es and radia- 
MpnM at the target, a of which may affect film properties (sec 
^decy. and ions, desorbed gases, x rays, and photons). Se 
elect ons an negative ,ons are accelerated toward the substrate platform 

nd bombard ,t and the growing film. In some instances, a bii potent™ 
. M m* is applied ,o 4. Wdtr , . i,™ 

)m is subject to posittve m bombardment. This is known variously a 
bm W flrtajte* Initially, the term "ion plating" referred to 
a process „ .which the deposition source was a thermaJ ev p£ 
ment mstcad of a sputtenng target and the substrates were connected to a 
dc sputtermg target [16], but it has sometimes been applied to any process 

film growth m a glow discharge environment [17] 

In some cases, gases or gas mixtures other than Ar are used. Usually 
^ involves some sort of reuctin sputtering process in which col 

a (e.g., o 2 or Ar-0 2 mixtures) to form a compound of the metal and the 
r active gas species (e.g. Ti0 2 ). Reactive sputtering is also us d to t 
Pb-sh constituents of compound targets lost by dissociation The re 

ormn [18], but this terminology is more often applied to processes n 

T **" m ^ ** «* 

on used with chemcol sputtering in which the reactive gas (e g O,) 
reacts w.th the target surface (e.g., Q to form volatile compounds (e.g . 
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CO) that are pumped away [I). Chemical sputtering is more properly re- 
lated to ion etching processes (see Chapter V-2). 

We shall consider in detail the complex interplay among target kinet- 
ics glow discharge phenomena, substrate conditions, equipment configu- 
ration etc. that bear on the ability to control the properties of thin films. 



II. PHYSICAL AND CHEMICAL EFFECTS OF ION 
BOMBARDMENT ON SURFACES 

In sputter deposition, surfaces subject to ion bombardment are usually 
considered as the source of material from which films are grown. In addi- 
tion to the neutral (sputtered) material liberated from the bombarded sur- 
face which eventually condenses as a film, there are numerous other 
events that can occur at the target surface which may influence the growth 
of films profoundly. These include: secondary electron emission, second- 
ary positive and/or negative ion emission, emission of radiation (photons, 
x rays), reflection of incident particles, heating, chemical dissociation or 
reaction, bulk diffusion, crystallographic changes, and reflection of some 
of the emitted particles back to the bombarded surface (backscattenng). It 
should be noted that all of these same phenomena apply to sputter-etching 
processes (Chapter V-2) in which the workpiece is a sputtering target and 
to substrates in most glow discharge deposition processes. (As will be 
shown later, any material body immersed in a glow discharge acquires a 
negative potential with respect to its surroundings and must be considered 
a sputtering target.) . . 

There have been several recent comprehensive reviews of the kinetics 
involved when a surface is ion bombarded (3, 6, 8, 12]. Therefore, we 
shall review them only briefly, emphasizing those target effects that can 
affect the way in which films grow. 

A. Emission of Neutral Particles— The Sputtering Yield 

The sputtering yield is defined as the number of atoms ejected from a 
target surface per incident ion. It is the most fundamental parameter of 
sputtering processes. Yet all of the surface interaction phenomena in- 
volved that contribute to the yield of a given surface are not completely 
understood. Despite this, an impressive body of literature exists showing 
the yield to be related to momentum transfer from energetic particles to 
target surface atoms. There is a threshold for sputtering that is approxi- 
mately equal to the heat of sublimation. In the energy range of practical 
interest for sputtering processes (10-5000 eV), the yield increases with 



incident ion energy, .and with the mass and d-shell filling of the incident 
ion (19, 20], 

The sputtering yield determines the erosion rate of sputtering targets; 
and largely, but not completely, determines the deposition rate of sput- 
tered films. Several compilations of experimental sputtering yield and re- 
lated data have been published (3, 5, 6, 21, 22], All sputtering yields and 
related data should be used with caution. In glow discharge systems, 
bombarding ions are by no means monoenergetic, and it is not necessarily 
valid to use yield values for pure metals when alloys, compounds, or mix- 
tures are sputtered. As will be shown, the sputtering yield of material A 
from a matrix of A + B is often very different from the sputtering yield of 
A from a matrix of A. Also, when sputtering yields of compounds are 
given, dissociation reactions are often ignored. Despite this, tabulations 
of sputtering yields are useful, iXonly to give a rough indication of the dep- 
osition or etch rate that might be expected for a given material. Tables 
I— III give a compilation of sputtering yields and relative film deposition 



Tahiti 



Spuutrint Yield of Elements ot 500 e V 


Gas 


He 


Ne 


Ar 


Kr 


Xe 


Reference 


Element 














Be 


0.24 


0.42 


0.51 


0.48 


0.35 


(23) 


C 


0.07 




0/12 


0.13 


0.17 


123) 


Al 


0.16 


0.73 


1.05 


0.96 


0,82 


[23] 


Si 


0.13 


0.48 


0.50 


0.50 


0.42 


(231 


Ti 


0.07 


0.43 


0.51 


0.48 


0.43 


(23) 


V 


0.06 


0.48 


0.65 


0.62 


0.63 


' 123) 


Cr 


0.17 


0.99 


1.18 


1.39 


1.55 


[23) 


Mn 








1.39 


1.43 


[23) 


Mn 






1.90 






(24] 


Bi 






6.64' 






[24] 


fe 


0.15 


0.88 


1. 10 


1.07 


1.00 


[23] 


Fe 




0.63 


0.84 


0.77 


0.88 


[25] 


Co 


0.13 


' 0.90 


1.22 


1.08 


1.08 


[23] 


Ni 


0.16 


1.10 


1.45 


1.30 


1.22 


[23) 


Ni 




0.99 


1.33 


1.06 


1.22 


(25) 


Cu 


0.24 


1.80 


2.35 


2.35 


2.05 


[23) 


Cu 




1.35 


2.0 


1.91 


1.91 


[25] 


Cu(lll) 




2.1 




2.50 


3.9 


[26] 


Cu 






1.2 






[27] 


Ce 


0.08 


0.68 


l.l 


1.12 


1.04 


[23] 


Y 


0.05 


0.46 


0.68 


0.66 


0.48 


[23] 


Zr 


0.02 


0.38 


0.65 


0.51 


0.58 


[23) 
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Table I {Continued) 


Gas 


He 


Ne 


Ar 


Kr 


Xe 


Reference 


Nb 


0.03 


0.33 


0.60 


0.55 


0.53 


(231 


Mo 


0.03 


0.48 


0.80 


0.87 


0.87 


[23] 


Mo 




0.24 


0.64 


0.59 


0.72 


[25] 


Ru 




0.57 


1.15 


1.27 


1.20 


[23] 


Rh 


0.06 


0./0 


1.30 


1.43 




nil 


Pd 


0.13 


1.15 


2.08 


2.22 


2.23 


[23] 


Ag 


0,20 


1.77 


3.12 


3,27 


3.32 


[23] 


Ag 


1.0 


1,70 


2.4 


3.1 





[27] 


Ag 






3.06 




_ 


[28] 


Sm 


0.05 


0.69 


0.80 


l'09 


1.28 


[23] 


Gd 


0,03 


0.48 


0.83 


1.12 


1.20 


[23] 


Uy 


V.Uj 


ft « 


U.66 


t IS 


1 29 


f231 

I -J J 


£r 


0.03 


0.52 


0.77 


1.07 


1.07 


[23] 


Hf 


0.01 


0.32 


0.70 


0,80 


_ 


[23] 


Ta 


0.01 


0.28 


0.57 


0.87 


0.88 


[23] 


w 


0,01 


0.28 


0.57 


0,91 


1,01 


[23] 


Re 


0.01 


0.37 


0.87 


1.25 




[23] 


Os 


0.01 


0.37 


0.87 


1.27 


1.33 


[23] 


Ir 


0.01 


0.43 


1.01 


1.35 


1.36 


(23] 


Pt 


0.03 


0.63 


1.40 


1,82 


1.93 


[23] 


Au 


0.07 


1.08 


2.40 


3.06 


3.01 


[23] 


Au 


0.10 


1.3 


2.5 




7.7 


[29] 


Pb 


1.1 




2.7 






127] 


Th 


0.0 


0.28 


0.62 


0.% 


1.05 


(23) 


U 




0.45 


0.85 


1.30 


0.81 


123] 


Sb 






2.83 






(24] 


Sn (solid) 






1.2 






[30] 


Sn (liquid) 






1.4 






[30] 
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rates. The latter have been normalized to the sputtering yields of pure 
metals [21]. All target materials are polycrystalline unless otherwise indi- 
cated, 



B. Emission of Other Particles 

i. Secondary Electrons 

Since sputtering targets are held at high negative potentials, secondary 
electrons are accelerated away from the target surface with an initial en- 
ergy equal to the target potential, As will be shown in Section 1II.A, these 
electrons help to sustain the glow discharge by ionization of neutral spu(- 
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__ 


0.55 




0.78 


Ni 






1.22 




Ni 


- 
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Ni 











Cu 
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Cu 
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2.75 




Cu 








1.95 


Mo 






0.49 




Mo 
Ag 


1.8 


0.16 


2.4 


0.3 


Sn 










W 




0.18 




0.2 


Au 










Au 


0.) 




2.1 




Pb 


1.5 








Sn (liquid) 











An (III) 
Au(l00) 
, Au(llO) 
Au 

Al(lll) 



Xe Reference 



1.33 

2.21 

2.0 
2.85. 

3.2 
4,5 



- 1.13 

3.8 
0,8 

1,0 
4.9 
3.0 
1.7 

3.7 
3.0 
2.0 
3,6 
1.0 



1.42 


1 87 

1.04 


l"l 






(3] 


1,76 


2.26 


[25] 




l.v 


[3] 
(26) 


3.42 


3.6 


(25] 




- 


[3] 


2.5 




[27] 


4.65 


6.05 


[26] 






[31] 


1.27 


1.60 


125] 






(3) 


4.7 




[27] 






(32] 






13] 






[32] 






[29] 






[27] 
[30] 






[33] 






[33] 
(33) 






[33] 
(33) 



tenng gas atoms which in turn bombard the target and release more sec- 
ondary electrons in an avalanche process. Upon arrival at the substrate 
such energy as they retain after collisions in the gas is liberated in the 
form of heat [38-43]. Many of the secondary electrons are Ehermalized by 

of electrons retain full target potential upon impact at the substrates (41 , 

2. Secondary Ions 

Most of the data on ion emission from solids due to primary ion bom- 
bardment ,s,o be found in the literature of secondary ion mass spectres- 
copy SIMS). Most of this literature deals with the formation and emis- 
Mon of posmve ions. However, in glow discharge sputtering, it is highly 
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higher.(15, 25] are obtained at about 20 keV beam energy through an aper- 
ture of 0.03-cm diameter with an energy spread of 10-50 eV [ 15], The con- 
verging region of magnetic field lines acts as a magnetic mirror to reflect 
electrons back to the cathode region (23], enhancing ionization efficiency, 

4. Other Ion Sources 

Several additional ion source types will be mentioned, with refer- 
ences, to indicate the variety of approaches to generating ions. These are 
listed with the hope of stimulating novel applications to thin film deposi- 
tion processes. The glow discharge ion source is simply a glow discharge 
between two plane electrodes with no magnetic field or thermionic cath- 
ode. One variation of this configuration is the hollow anode ion source in 
which the beam is extracted through a hole in the cathode plate [26, 27]. 

. The hollow cathode ion source, of the same basic type, may be used in 
place of a thermionic cathode in applications where lifetime or contamina- 
tion from the cathode are important [4, 28]. The twin anode or electro- 
static ion source uses the geometrical arrangement of the anode surfaces 
within a surrounding cathode to produce long oscillatory electron trajec- 
tories, gaining enhanced ionization with no magnetic field [29]. 

The term arc discharge ion source applies to several configurations. In 
one type the desired material is vaporized from a crucible directly into a 
low voltage thermionically supported arc discharge. With some materials 
the arc is self sustaining with no support gas [30, 31], No magnetic field is 

, used. Ions are extracted with a low energy spread of 0.1-1.0 eV [31]. 

The electrohydrodynamic ion source [10] is a liquid-metal field, emit- 
ting tip which generates a very high brightness, low current ion beam. A 
strong electric field pulls the liquid into a cusp-shaped tip less than )0~ 4 - 
cm diameter. 

A vapor stream of atoms may be ionized by direct electron bombard- 
ment from a hot filament [32]. A variation of this technique, the ionized 
cluster source [33], vaporizes the desired material through a small orifice, 
inducing cluster formation as the vapor stream expands. 

High multiply-charged ion states, for example Ai 4 * Kr 17 *, Xe 21 *, 
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have been obtained by constraining the ions long enough for sequential 
ionization [34]. Negative ion beams may be generated by sputtering the 
desired material with a beam of low ionization potential material such as 
cesium [35], and may also be extracted from an off-axis aperture in a duo- 
plasmatron [36]. Very high current hydrogen ion beams (several amperes) 
have been generated with a combined duoplasmatron and Penning ion 
source [37]. 

C. Beam Extraction and Control 

/. ion Extraction 

Ions in the interior of the plasma diffuse to the plasma boundary, 
where they are extracted by an electric field. The rate of ion extraction is 
determined by Child's law of space charge limited current flow [4, 38]. In 
a planar geometry the space charge limited current density between two 
planes a distance d apart with potential difference V is 

where e 0 is the permeability of free space and q/m is the charge-to-mass 
ratio of the particles. This relationship determines the upper limit for 
planar current flow and demonstrates two important controls on the cur- 
rent density. Ion extraction from the plasma increases rapidly with in- 
creased extraction voltage and with decreased spacing between the 
plasma boundary and extraction electrode. For nonplanar geometries 
only the proportionality constant changes in Child's law, thus a given geo- 
metry may be characterized by the ratio j/F', the perveance [4]. 

Acceleration takes place mainly in the extraction region, since this is 
usually where the greatest potential drop occurs. However, the ion en- 
ergy at the target is determined only by the potential difference between 
the target and the point of origin of the ion, which is usually within a few 
volts of anode potential, The usual arrangement is to have the target at 
ground potential and raise the entire source chamber to the desired beam 
voltage, with the extraction electrode at ground potential or lower. 

As an example of extraction geometry, Fig. 7 shows the potential dis- 
tribution through the extraction region of a Kaufman source [4]. The 
screen electrode is at the source potential (positive) and the accelerator or 
extraction electrode is negative. The screen voltage is lower than the 
anode voltage by the discharge voltage, with the difference between 
plasma potential and anode voltage not indicated. The extraction elec- 
trode is held negative, typically -200 V for source voltage of 1000 V, for 
two reasons. The rate of ion extraction is increased by a larger potential 
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The beam profile from a duoplasmatron or other single aperture source 
is usually close to Gaussian, determined more by the range of transverse 
velocities and the ion transport optics than by the initial profile at the ex- 
tractor. 

2. Beam Transport 

Beam deflection is accomplished by transverse electric fields [42] and 
mass separation by magnetic fields [43]. If mass separation is desired with 
a straight trajectory, crossed electric and magnetic fields will select a par- 
ticular velocity and deflect all others, acting as a mass separator [31, 44]. 
. One type of focusing lens will be mentioned briefly. The Einzel, or uni- 
potential, lens consists of a decelerate section followed by an accelerate 
section back' to the initial beam energy [24]. The field distribution defo- 
cuses the beam while it is at high energy and focuses while it is at low 
energy, resulting in a net focusing of the beam. Examples of using the Ein- 
zel lens to focus the beam from a single aperture source are given in Sec- 
tions Iil.A and IV. A. 

3. Neutralization 

The above methods of deflecting and focusing an ion beam apply to a 
nonneutralized beam. With the broad beam from a Kaufman source, neu- 
tralization is necessary to avoid beam spreading by space charge repul- 
sion. This is accomplished by adding electrons from a thermionic filament 
(Fig. 4) and monitoring the net current to the target or a beam probe. 
When the net current is zero, the arrival rate of ions equals that of dec-' 
trons, but the ions are not neutralized by recombination since the mean 
free path for this process is much larger than the beam diameter [4]. 
The beam is itself a plasma, in which the electrons rapidly distribute to 
cancel net charge, thus electron injection does not have to be uniform. 
The neutralizer filament is sputtered by the beam, and contributes to con- 
tamination unless suitable masking is provided. An alternate method of 
* injecting electrons into the beam is from a hollow cathode source (the 
plasma bridge neutralizer) which may be located outside the beam 
[4,44a]. 

D. System Requirements 

i. Materials 

Materials in the ion source must be stable at the temperatures involved 
(several hundred degrees Celsius), have low sputtering yield if subjected 
to ion bombardment, and low susceptibility to corrosive. gases, if used. 
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Particularly important components are the cathode filaments and elec- 
trode apertures. Thermionic cathodes are tantalum or tungsten wire [18], 
or barium oxide coated mesh [24]. Thermal cycling leads to embrittlement 
and failure, with exposure to oxygen or more reactive gases shortening 
filament life greatly. Magnetic fields may be supplied by an external sole- 
noid, usually air cooled, or by permanent magnets, which do not have to 
be exposed to the plasma. Other surfaces may be molybdenum for ther- 
mal stability: In the Kaufman source the screen and accelerator grids span 
a large diameter, with a small separation, typically 0.1 cm. Thermal ex- 
pansion leads to distortion, directly affecting extracted ion density and 
uniformity. These problems are minimized in ion thmsters by using 
dished molybdenum grids [4], such that thermal distortion occurs uni- 
formly across the grids, but these are difficult to make accurately. Pyroly- 
tic graphite provides the best combination of low thermal expansion, high 
thermal conductivity, and mechanical stiffness in flat grids [18]. For high- 
est purity films it may be necessary to fabricate parts of the ion source out 
of materials that are compatible with the desired film [27, 45). 

The lifetime of the source is limited by the hot cathode burning out or 
by buildup of sputtered material in the source, leading to shorting or to 
insulating coating of electrodes. Flaking of accumulated sputtered ma- 
terial may also cause shorts and insulating supports must be shielded from 
sputter coating. Lifetimes range from hours to months depending on 
operating conditions. 

2. Vacuum and Gqs 

The gas pressure in the ion source is determined by the type of source 
and the ion .density needed for the desired ion current. Therefore the 
pressure at the target is determined by the conductance of the ion source 
apertures and the pumping speed of the pump, assumed to be in the target 
region. Background gas in the path of the beam has two effects in addition 
to the effect of gas pressure on the source itself. Large angle collisions 
contribute slightly to beam divergence, and charge exchange collisions 
which result in fast neutrals and slow ions contribute to the sputtering rate 
at the target without registering as ion current to a probe [18]. The 
pressure must be below about I Pa to sustain a beam without excessive 
scattering, but is usually maintained around 0.1 Pa or lower to minimize 
divergence and contamination. 

I Electrical and Other Requirements 

The electrical power requirements of the ion sources described above 
are straightforward. The filaments may be heated with ac or dc current of 
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In reply to this position by the Examiner, Appellant respectfully submits that a plasma 
sputtering beam and an ion beam are not equivalent. In particular, each have different 
properties and Appellant respectfully submits that plasma sputtering has advantages over ion 
beams. These two issues will be discusses at length below. 

In particular, Appellant respectfully submits that for the ion beam generated from ion 
guns (also called ion sources), a low background gas pressure is usually maintained of about 
0.1 Pa or lower to minimize divergence of the beam and contamination (see Rl, page 187, 
lines 35 and 36). Since the ion beam operates in a low background gas pressure, the energetic 
ions will travel a sufficient distance along a free path without collisions with the gas 
molecules. Therefore, the ion flux and the ion energy are independently controlled and the 
direction of ion impact on the surfaces is controlled (see R2, page 130, lines 19-23). Also, 
Appellant respectfully submits that a focus system of the ion source can decrease the 
divergence of the ion beam. For example, in a normal condition, the plasma edge beside the 
grid system in ion guns could form a proper shape, which gives the ion beam an initial 
convergence. Acceleration of the ions takes place mainly in the extraction region in the ion 
guns, since this is usually where the greatest potential drop occurs (see Rl, page 183, lines 24- 
25). As a result, any ions leaving the discharged plasma and striking ground will have an 
energy corresponding to the anode potential. Still further, the ion beam has a direction which 
is well defined with narrow energy spread (see R2, page 132, lines 24-26). 

In contrast to ion beams from an ion source, Appellant respectfully submits that for the 
particle beam generated from plasma sputtering systems, the background gas pressure is 
significantly higher than that of the ion beam. In particular, the gas pressure of the sputtering 
system usually ranges from a few millitorr to about 100 mTorr (see Rl, page 12, lines 37-38). 
In some cases, Appellant respectfully submits that the gas pressure can even be the same as 
atmosphere for daily applications rather than the utilization in a vacuum chamber. Appellant 
respectfully further submits that in this range of gas pressure, the collisions between the ions 
and gas molecules will occur constantly. As a result of the collisions, the energy and 
direction of the ions will be different from the original values they were when accelerated by 
the electric field. Still further, there is no focus system in plasma sputtering systems and 
therefore they are simpler than ion beams and less costly. Also and as a result, the particle 
beam generated from plasma sputtering systems has a direction poorly defined with wide 
energy spread and is quite different from that of an ion beam generated from ion guns. 
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With the above in mind, Appellant respectfully submits that the direction of the ions in 
a single particle beam from plasma sputtering are random, while the direction of the ions in an 
ion beam from an ion gun are well defined. Also, the energy of the ions in a single particle 
beam from plasma sputtering is widely distributed while the energy of ions in an ion beam 
from ion guns is the same. Accordingly, Appellant respectfully submits that the properties of 
the two types of particle beams are quite different. As a result, Appellant respectfully submits 
that since the energy distribution of the plasma sputtering is widely distributed, the 
smoothness of the material surfa ce can be more easily achieved. In contrast thereto, the focus 
tight high energy ion beam from ion guns has a tendency to cause an uneven surface because 
small areas of the surface are impacted with the high energy beam at a time. 

In addition to the above, Appellant respectfully submits that the average number of 
atoms ejected from the target per incident ion is called the sputtering yield. Sputtering yield 
depends on the ion incident angle, which can be both calculated from theory (see Rl, page 
177, Fig. 5.2) and measured (see R2, page 2, Fig. 1.1). .Still further, there is a maximum 
sputtering yield which can be achieved at a certain incident angle to the surface normal and 
the sputtering yield will be lower when the incident angle is some other value. Accordingly, 
when the target (processed material) surface is rough, the local normal directions of the 
different zones of the target surface are obviously different from each other. In this case, the 
sputtering yields of different zones of the target surfaces are not equal if the incident ions 
come from the same direction. However, if the directions of the ions are poorly defined, the 
sputtering yields of the different zones of the target surface can be uniform. Therefore, since 
plasma sputtering creates ions from different directions, it is easier to create a uniform surface 
with a particle beam generated by plasma sputtering. 

In addition, Appellant respectfully submits there will be a shadow of sharp asperities 
where a well defined ion beam from an ion gun is not able to reach (see R2, page 233, Fig. 
6.10). However, this problem can be handled when the ion directions of the particle beam 
from the plasma sputtering are poorly defined. Because the directions of the ions in the 
particle beam from plasma sputtering are random, the shadow from one incident direction can 
be reached by the ions in other directions. Therefore, the particle beam of plasma sputtering 
has the effect of smoothing the rough surface better than ion beams of ion guns. 

Still further to the above, Appellant respectfully submits that the same things happen 
as described above in cases of changing the microstructure or internal defects of the target 
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because of the same reasons. In particular, the particle beam of plasma sputtering has better 
effect than the ion beam from ion guns. The more uniform arrival of ion density can be 
achieved with less shadow with the plasma sputtering since the ion directions of the particle 
beam from plasma sputtering are poorly defined. 

From the above, Appellant respectfully submits that the advantages of ion beams 
coming from ion guns include small divergence angle, small energy distribution, individual 
and separate controlling energy and beam flow with the energies and the directions of the 
particles being concentrated. However, Appellant respectfully submits that these advantages 
of ion beams are not suitable for surface modification of a pre-formed material, especially not 
suitable for the modification of rough surfaces. As a result, Appellant respectfully submits 
that the disadvantages perceived by some of the particle beam from plasma sputtering being 
poorly defined and random, are in fact advantages since they are able to process a material 
surface to be smoother and more uniform than an ion beam. 

By way of example, Appellant respectfully submits that an ion beam from an ion gun 
functions substantially the same as the bullets from a machine gun, whereas the particle beam 
from plasma sputtering functions similar to the bullets from a scatter gun. Clearly the bullets 
between these two types of guns are different in that the direction of the bullets from a scatter 
gun are rather random and therefore hit a large area, while the direction of the bullets from a 
machine gun are defined to form a line. As a result of the differences between a scatter gun 
and a machine gun, each is utilized for a particular purpose and cannot achieve the other's. 

Based upon the discussion above, Appellant respectfully submits that the advantages 
remain in bombarding a high temperature superconductor, which cannot be produced with a 
particle beam produced by the apparatuses of the prior art. In particular, the advantages of a 
particle beam from plasma sputtering in fabricating and modifying a high temperature 
superconductor are as follows: 

1. The structure of YBCO high temperature superconductors consist of many 
layers, including the substrate, buffer layers and YBCO superconductor layer. The substrate 
and buffer layers need to be cleaned, smooth and activated by the particle beams before the 
fabrication of an upper layer. Since the particle beam from sputtering is distributed in energy 
and arrives from random directions, smoothing and cleaning can be easily achieved. Still 
further, since the particle beam from plasma sputtering bombards a larger area, the 
modification speed is increased. 
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2. In the process of ijiodifying the YBCO superconductor surface, the oxygen 



pressure should be high enough to prevent the degrading of the superconductivity. Appellant 
respectfully submits that a high gas pressure is not suitable for ion beams from ion guns as is 
discussed above and oxygen is usually harmful to the ion guns. In contrast thereto, a particle 
beam from plasma sputtering can function in such an atmosphere and can modify the surface 
of the superconductor device without degrading its superconductivity. 

In view of the above, therefore, Appellant respectfully submits that ion beams are not 
substantially similar to particle beams from plasma sputtering and do not result in a 
substantially similar process. In addition, Appellant respectfully submits that in a method for 
surface modification in manufacturing high temperature superconducting devices, a particle 
beam from plasma sputtering has advantages over ion beams and provides a method utilizing 
a substantially simpler apparatus which can achieve the processing in less time. Therefore, 
Appellant respectfully submits that Appellant's invention as claimed by Appellant's claims 1 
through 13 and 15 through 18 are not anticipated by nor obvious over the art cited by the 
Examiner. 

Therefore, Appellant respectfully requests that the board favorably consider 
Appellant's remarks and find Appellant's invention as claimed patentably distinct from the art 
cited by the Examiner. 
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Chapter I 




HISTORICAL OVERVIEW OF ION-INDUCED MORPHOLOGICAL MODIFICATION OF 
SURFACES 

ORLANDO AUCIELLO 
U INTRODUCTION 

This book is concerned with ion-bombardment modification of surfaces due mainly to 
erosionai and depositionai phenomena. Chemical, electrical, mechanical, fete, changes, due to 
ion bombardment of surfaces, are the subject of other reviews. 

The two most important phenomena relating to ion bombardment modification of surfaces 
are sputtering and ion implantation. In spite of their similar degree of relevance, the 
evolution in the understanding of the underlying mechanisms has been quite different. 
Sputtering was observed by Grove, apparently for the first time, in 1853 CD as the cause of 
metallic deposits on the glass walls of discharge tubes* However, it took almost half a 
century before sputtering was recognised (2) to be an effect caused by positive ioris,.irorn the 
discharge, hitting the cathode; and about a century before a quantitative description of this 
phenomenon started to be developed. By contrast, it can be said that the evolution in the 
understanding of the ion implantation process started with the theoretical works of Bohr (3) 
and Lindhard, Scharf f, and Schi^xt (4), who set the bases for the understanding of the stopping 
power of high and low energy ions penetrating through matter. These works, supported by the 
first accurate experiments on ion ranges by Davies and coworkers (5, 6), initiated a 
comparatively faster development, with respect to sputtering, in ion implantation. 

A historical overview of the main advances in the understanding of ion bombardment 
modification of surfaces, due to erosionai and depositionai phenomena is presented in this 
chapter. It will be followed by three chapters of a general nature, regarding the subject 
treated in this book (Chapters 2-*),. four more on the fundamentals of surface modification 
(Chapters 5-8), and finally five on applications of modified surfaces (Chapters 9-13), 

1.2 EROSION-INDUCED MORPHOLOGICAL CHANGES 

Solid surfaces are generally eroded when bombarded with energetic particles, namely 
neutral atoms/molecules, ions, electrons, or photons. The phenomenon responsible for such 
erosion is sputtering, which, according to the present knowledge (see Chapter* 2 of this book), 
presents several variants now known as' colfisional, thermal, electronic, and fexf&fattonal. 
sputtering. It can also be understood within the framework of two main concepts, physical 
and chemical sputtering. The former involves the transfer of kinetic energy from the 
incident particle to target atoms, which results in the ejection of atoms through the surface, 
The, second is due to a chemical reaction between the impinging particles and target atoms, 
which leads to the formation of volatile molecules. Details about physical sputtering, from 



both the theoretical arid experimental point of view, can be found in a recent comprehensive 
treatment of this, subject (7). Chemical sputtering is. also reviewed in ref- (7), Chapter 2 of 
this book, and in more; recent work, related to fusion technology, by Auciello, Stangeby and 
Haasz (8, 9, 10), who have clar if ied previous experimental and conceptual inconsistencies, and 
discovered new aspects of the chemical sputtering phenomenon for carbonoceous materials. 

It has been observed that both sputtering mechanisms mentioned above can produce 
morphological changes on surfaces. Changes induced by_physical sputtering arise mainly due 
to the dependence of the sputtering yield (Y).on the angle of incidence (8) of the primary 
beam with respect to the surface (Fig. hi). Such a dependence was first observed by Fetz 
(11), and confirmed later by other groups (12-14). It is important to notice that one reason 
for the lack of reproducibility in the data of Fig- Li may be the influence of surface 
topography developed on bombarded surfaces during sputtering yield measurements, an effect 
to which no appropriate attention has been paid by the different groups. 
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Fig. 1.1. Heavy-ion sputtering yields as a function of angle of incidence (7). The dash-and- 
dot curve represents theoretical calculations by Sigmund (7). The solid curves are drawn only 
to guide the eye. 
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4.2 DEPOSITION METHODS INVOLVING ION BOMBARDMENT 
4.2.1. Radio-frequency bias sputtering 

Many of the effects of ion bombardment during deposition were demonstrated 
using radio-frequency (rf) bias sputtering and later observed in other deposition 
systems. The equipment and principles of rf isputtefirtg are thorbiiglily described 
elsewhere [1] and the technique will only be described here to bring out the capabil- 
ity for ion bombardment during film growth. 

An rf diode sputtering system is shown schematically in Fig. 4.1. The target 
electrode (cathode) is driven by rf power to sustain a glow discharge plasma in the 
process gas. The cathode develops a negative dc voltage equal to about half the rf 
peak-to-peak voltage. Ions are accelerated across the cathode dark space to sputter 
atoms from the target surface. At a typical pressure of 4 Pa (30 mTorr), the 
sputtered atoms rapidly lose their ejection energy by collisions with the background 
gas [2], and diffuse to the substrates at essentially thermal energy. Ion bombard- 
ment of the substrates is provided by an rf bias voltage applied to the substrate 
electrode (anode), which develops a negative bias relative to the glow discharge. 
This potential difference accelerates ions from the plasma to the substrate, providing 
ion bombardment df the film during deposition. An applied substrate bias of -50 to 
-300 V is typically used with target voltages of -1000 to -3000V. Other energetic 
particles striking the growing film are: discharge ions reflected from the target as 
neutrals: secondary electrons accelerated from the target across the dark space; 
negative ions emitted from the target [3]; and charge exchange neutrals formed in 
the anode dark space [4j. Due to the charge exchange process in the anode dark 
space, very few discharge ions strike the substrate with the full bi^ts voltage, but 
rather a broad, low energy distribution of ions and neutrals bombards the growing 
film [4]. Another complication is the lack of direct control over the plasma poten- 
tial, which is positive with respect to the grounded chamber walls, and depends on 
the system geometry and gas pressure, typically 20 V at 4 Pa [5j. This plasma 
potential must be added to the applied substrate bias to determine the maximum ion 
energy striking the film. 
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f 4/2. Broad-beam multiaperiure ion beam source [9]. 
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Controlling the flux of ions bombarding the film in an rf diode system is not 
straightforward. Increasing the substrate bias voltage not only increases the bom- 
barding ion energy, but also enhances the ion density in the glow discharge, thereby 
increasing the ion flux to the substrate. For this reason, the bombarding ion energy 
and flux are not independent parameters. Cuomo and Gambino \6] have successful- 
ly modeled the substrate ion flux as proportional to the one-half power of substrate 
bias voltage, 



1/2 

j oc V b . 



(1) 



but to obtain quantitative flux values requires a detailed accounting of the geometry 
of the system. This difficulty, together with the broad energy distribution of 
particles striking the film, has limited the quantitative understanding of substrate 
bias effects, and the ability to translate data from one system to another. 



4.2.2. Broad-beam ion sources 



The broad-beam multiaperture electron bombardment ion source was invented in 
1961 as an ion thruster for space propulsion [7]. An extensive effort followed to 
improve the efficiency of this ion source with the goal of obtaining the Highest ion 
beam flux for a given gas flow and power input. These developments have yielded 
an ion source suitable for material processing, generating collimated, well- 
characterized ion beams from a wide choice of gas species [8]. The primary advan- 
tage of ion beam processing of materials lies in the control available with an ion 
beam as compared to other plasma processes. The ion flux and ion energy are easily 
measured and independently controlled, and the direction of ion impact on surfaces 
is controlled, since the beams operate' in a low background gas pressure of typically 
0.01 Pa ("* 10* 4 Torr). The development of broad-beam ion sources and their 
applications to etching, surface compound layer formation, and thin film deposition 
are described in recent review articles [9]. The basic configuration of a broad-beam 
ion source is shown in Fig. 4.2, which illustrates a cylindrical unit generating a 
circular beam. The ion source is mounted in a vacuum chamber (not shown) capable 
of maintaining a background pressure of about 0.01 Pa (~ 10" 4 Torr) at the operat- 
ing conditions (generally a pumping speed of several hundred to several thousand 
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For many materials applications, a high ion flux is desired in order to carry out'fj 
the etching/deposition process at a reasonable rate. For reference, 1 mA/crcr t; 
represents several monolayers equivalent of bombardment per second, and 10" 4 Pa % 
(~*1G 0 Torr) represents about one monolayer equivalent of background gas arrival »?; 
rate per second. Therefore an ton flux of tenths of a mA/cmr or higher is necessary | 
for surface treatment processes to occur at a fate exceeding the arrival rate of i£ 

residual gases, for processing systems with Kase pressures of 1 0~ 5 Pa (~10 r7 Torr). # 

1 

Also, many applications require low ion energy (several hundred eV or less) tb'-'S 
minimize damage to substrates. This combination of high ion flux at low energy is 1| 
difficult to achieve with the conventional dual grid ion source of Fig. 4.2 because fj 
the ion flux is space charge limited by the grid separation. The maximum ion flux is f 
determined by Child's Law [9,10]: 

->max ^^^/9)(2e/m) ]/2 V^ 2 /l 2 f (2) 

where j max is the maximum ion flux flowing between two planes, V is the potential i 
difference between the planes, / is the spacing between the planes, elm is the J 
charge-io-mass ratio of the ions, and e o is the permittivity of space. For practical :j 
ion source configurations, / is approximately given by the spacing between the screen 
and accelerator grids [9]. This space charge limit sets a ceiling on the Jon flux 
obtainable at a given ion energy, and becomes a severe limit at low energy. For 
example, with a dual grid system which produces 1.5 mA/cm 2 at 1000 eV ion 
energy, the ion flux available at 100 eV follows from Eq. 2 as only 0.05 mA/cm 2 . 
Several improvements in the low energy performance have been made and recently 
described [9,1 1]. 

The output of a broad-beam ion source is an ion beam of well-defined direction 
and low energy spread. Beam divergence angles can be as low as several d^rees, 
and energy spreads are typically 10 eV [9]. In addition to the ion flux, a substantial 
neutral gas flow passes through the extraction grid system, since the grids have a 
high fraction of open area (50-60%). For many materials applications, however, 
this background gas flux does not greatly affect the process, as the gas is usually an 
inert or molecular species of low chemical reactivity. The background pressure is 
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very low (0:01 Pa,~10" 4 Torr) compared to a typical rf sputtering or etching plasma 
(1-10 Pa, ~ 10-100 mTorr). 

This low pressure, combined with the short ion acceleration distance between the 
grids (about I mm), is responsible for the low energy spread. Other species present 
in the beam include: low energy electrons with a Maxwellian temperature of several 
eV [8]; charge exchange neutrals caused by collisions of positive beam ions with 
background gas atoms [12]; and sputtered atoms from the target surface bombarded 
by the jon beam. Therefore, the ion beam processing environment is characterized 
by an ion flux of well-defined intensity, energy and direction, with relatively low 
power input to the substrate from other energetic species, This situation creates a 
suitable environment for quantitative materials processing by controlled ion bom- 
bardment. 

The two main configurations for using broad beam ion sources for ion bombard- 
ment during film deposition are shown in Figs. 4.3 and 4;4; In the dual ion beam 
system (Fig. 4.3), an inert or reactive ion beam sputters a target material to produce 
a deposition flux of atoms onto the substrate. Simultaneously, a second ion source 
aimed at the substrate supplies an ion beam of inert or reactive ions to bombard the 
growing film. In the example shown, the substrate holder is equipped with a crystal 
rate monitor and an ion current monitor to measure the incident atom and ion fluxes 
directly. These features provide a proper characterization of the incident particle 
flux onto the film surface. In the second configuration (Fig. 4.4)* an ion source is 
used in conjunction with a vapor source, such as an electron ^am evaporator, to 
add ion bombardment capability to another widely used deposition technique. This 
configuration is sometimes referred to as n ion assisted deposition". Here also the 
energy, flux and direction of the bombarding ions are fully characterized and 
independent of the vapor source. This configuration has also been applied in the 
technique of molecular beam epitaxy (MBE) with simultaneous ion beam doping, 
although broad-beam ion sources are not generally used in MBE. in both of these ^ 
configurations, the arrival flux of atoms and the ion bombardment have diffeTent 
angles of incidence on the substrate. This can cause anisotropic properties in the 
film plane and may require, rotation of the substrate if isotropy in the plane is 
required. 
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the x axis is given fay cos a = PjC(y) and thus pj s = constant* 

If in two neighbouring horizontal strata the wave speeds are c(y x ) and c(y 2 ), then from 
constancy of p> it is readily observed that, at the interface 



cos a 



cos a 2 



c(y r ) 
c(y 2 ) 



which is Sneil's law in optics* 

To conclude this part of the ; discussion it is to be noted that a reasonably detailed acccnSl 
of general wave front propagation- and the role of characteristic equations in following 
propagation has been given. In the next section it will be shown how sputter erosion (a 
other surface modifying, processes) is a specific example of such propagation and, con&IJ 
quently, how the morphological development of sputter eroded surface can be predicted froSS 
the general techniques just examined* Moreover it wilt be shown that the several 5ituatM|| 
discussed above each have their analogues in the sputter erosion area and that the historical 
developments outlined in the first section can be fully described by general wave propagati*^ 
formalisms. Given this underlying unified approach some problems, not previously addn 
in sputter erosion theory, can be tackled and these potential applications are outlined later-fijg 
the chapter. 



5A SPUTTER EROSION AND OTHER SURFACE MODIFICATION PROCESSES 

The fundamental processes of sputtering have been fully considered in Section 5*1 a dM I 
here we will merely use some of the major results of that discussion. 

Thus, we note that for an elemental crystalline target of surface orientation (h^^H 
irradiated at temperature T with atoms of energy E and mass M, incident at a polar angle e fccfj 
the surface normal and at azimuthal angle <(> (defined with respect to a selected crystaiiir 
direction) the total sputtering yield Y in atoms ejected per ion must be written 2*M 
Y((h,k,l),T,E,M£4>) for that target material. Further complexity results if one. is interested 
in the double differential yield g-jgig^ for atoms e J ectec * wit ^ energies in^the/*ange (E^, < W^m 
and over a specified solid angle d Q . ~" : 

For initial simplification however we may consider the case of a random (amorphousll 
target irradiated at fixed temperature with 'monoenergetic ions of a single species. In this! 
case, all but the dependence upon the polar angle 6 vanishes and Y = Y(9). A typical form fo*y 
Y(B) is shown schematically in figure 5.2, which reveals that in general Yfe) increases from ^4 
minimum for 0 = 0 (normal incidence) to a maximum, via a relation somewhat like Y(3) 
Y(0)sec- n 9, to a maximum at 6 = ±8 p and then declines rather rapidly towards zero as e ♦ 
± it 12 (grazing incidence). : 



177 





\ • 

\2 








(arbitrary 
units) 










#p \ 

•i t il 


/ 

t 


i i 





0 30 60 90 
flux incidence angle 9 (degrees) 



Fig* 5.2 Typical dependence of sputtering yield Y(9) with flux incidence angle to surface 
normal; 

If again, for simplification, we consider the case of irradiation by a uniform ion flux, 
density 3 (ions.cm"*sec~ l ) incident in the ~Oz direction on to a surface plane inclined at angle 
6 to the xOy plane, then the ion flux falling upon unit area of this plane is Jcos 0. The rate of 
atomic sputtering is thus J.Y(0)cosO since the ion flux 3 makes an angle 0 to the surface 
normal. The linear rate of surface erosion, for a substrate of atomic density N is thus 



p n s 



JY(6)cos Q 
N 



(35) 



By definition, since atoms are ejected in an averaged model of sputtering, from the surface 
atomic plane, the erosion process occurs normal to the surface, thus, equation (35) displays 
the speed of recession of a surface point along the normal direction. 

In general the ion flux 3 may be spatially non-uniforrn, distributed in direction and 
variable in time. Thus the differential erosion rate must be written 



3(x,y,z,t)da ) Y(9)cos8 
N 



(36a) 



where J(x,y,z,t) is the partial instantaneous ion flux incident in a solid angle d a> about the 
incidence direction 8. 

The total erosion rate thus 



+ir/2 

P „ rd qj .3(x,y,z,t) Y(8)cos6 

• " -n/2 J N 



^ (36b) 



where the limits to the integral indicate that only ions incident to a surface point from the 
hemisphere above the surface point may be counted. 

Equation (36b) not only accounts for a general surface where all surface points are 
accessible to the distributed ion flux but also for surface contours where elevated regions 
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6.10 Sketches relevant to the bombardment-induced evolution of asperities and 
sessions, (a) An asperity of width g and height hi which is everywhere convex-up and has £ t 
isal slope 6* (b) The pyramid into which (a)' would evolve if intersection i moved 
Jeiently far. (c) A more generalized feature which is convex-up at its center and passes 
! '5ugh a slope § at some intermediate width g and height h 2 . (d) A possible intermediate 
%c of the bombardment-induced evolution of (c). (e) A pyramid which has a rounded tip, 
in due to an appropriate fluctuation, (g) A depression with vertical slopes such as is 
Countered during the fabrication of microcircuitry. (h) The steady-state form of a 
Session which results owing to appropriate fluctuations in the sputtering process. (Kelly 
\AucielIo{17)). 
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I. INTRODUCTION 

Over the past 20 years or so there have been numerous reviews of 
sputtering and sputtering processes for film deposition [1-15], In this 
chapter we shall take a somewhat different viewpoint than those of most 
earlier reviewers. We shall attempt to treat this very complex subject 
from a process viewpoint. That is, we shall discuss the interactions of the 
process parameters to expose the many permutations and combinations 
that are available to control the properties of thin films. 

Because there are so many interactions among parameters in sputter- 
ing systems, it is impossible. to separate them completely. Thus, there are 
necessary, but regrettable references made to later sections throughout 
the chapter. In an attempt to minimize any confusion that this may cause, 
we shall give a brief, simple overview of the subject in this section nefore 
going to the more detailed discussions. 

Figure I represents a greatly simplified cross section of a spuitering 
system. Typically, the target (a plate of the material to be deposited or the 
material from which a film is to be synthesized) is connected to a negative 
voltage supply (dc or if). The substrate holder faces the target. The holder 
may be grounded, floating, biased, heated, cooled, or some combination 
of these. A gas is introduced to provide a medium in which a glow dis- 
charge can be initiated and maintained. Gas pressures ranging from a few 
millitorr to about 100 mTorr are used. The most common sputtering gas is 
argon. 

When the glow discharge is started, positive ions strike the target plate 
and remove mainly neutral target atoms by momentum transfer, and these 



NEGATIVE VOLTAGE SUPPLY 



TARGET (SOURCE) 



GLOW DISCHARGE 




VACUUM _ 
CHAMBER 



mi VACUUM 
r PUMPS 
SPUTTERING 
GAS 
SOURCE 

%/. Simplified cross section of a sputtering system 

o produced at the target, all of which may affect film properties (sec 

TZ a T?l 1005 afC aCCderaled toward the subsl ™ Platform 
tftaM and the growing film. In some instances, a bias potential 
. ( sually negative) ,s apphed to the substrate holder, so that the growing 
Jn is subject to positive ion bombardment. This is known variously a 
bm spuming umpiring. Initially, the term "ion plating" referred to 
a in which the deposition source was a thermal ev P oZ I 
ment mstcad of a sputtering target and the substrates were connected to a 
dc sputtering target [16], but i t has sometimes been applied to any process 

Mm growth in a glow discharge environment [17] 

In some cases, gases or gas mixtures other than Ar are used. Usually 
this involves some son of reactive sputtering process in which a I 

PSJ*. O, or Ar-O, rn.xu.res) to form a compound of the metal and the 
r active gas species (e.g., TO,). Reactive sputtering is also used re 
en,sh const ;« ° f COn,p0und ^ ^ dissociation he ea . 
omon [18], but this lerminology is more often applied to processes n 

tong or grounded substrate. Reactive sputtering should no. be 
con used wath chemcal sputtering in which the reactive gas (e g O,) 
reacts w„h the target surface (e.g., C) to form volatile compou d (e g 
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CO) that are pumped away [1J. Chemical sputtering is more properly re-, 
lated to ion etching processes (see Chapter V-2). 

We shall consider in detail the complex interplay among target kinet- 
ics, glow discharge phenomena, substrate conditions, equipment configu- 
ration, etc. that bear on the ability to control the properties of thin films. 



II, PHYSICAL AND CHEMICAL EFFECTS OF ION 
BOMBARDMENT ON SURFACES 

In sputter deposition, surfaces subject to ion bombardment are usually 
considered as the source of material from which films are grown. In addi- 
tion to the neutral (sputtered) material liberated from the bombarded sur- 
face which eventually condenses as a film, there are numerous other 
events that can occur at the target surface which may influence the growth 
of films profoundly. These include: secondary electron emission, second- 
ary positive and/or negative ion emission, emission of radiation (photons, 
x rays), reflection of incident particles, heating, chemical dissociation or 
reaction, bulk diffusion, crystallographic changes, and reflection of some 
of the emitted particles back to the bombarded surface (backscattering). It 
should be noted thai all of these same phenomena apply to sputter-etching 
processes (Chapter V-2) in which the workpiece is a sputtering target and 
to substrates in most slow discharge deposition processes. (As will be 
shown later, any material body immersed in a glow discharge acquires a 
negative potential with respect to its surroundings and must be considered 
a sputtering target.) 

There have been several recent comprehensive reviews of the kinetics 
involved when a surface is ion bombarded [3, 6, 8, 12]. Therefore, we 
shall review them only briefly, emphasizing those target effects that can 
affect the way in which films grow. 

• A. Emission of Neutral Particles— The Sputtering Yield 

The sputtering yield is defined as the number of atoms ejected from a 
target surface per incident ion. It is the most fundamental parameter of 
sputtering processes. Yet all of the surface interaction phenomena in- 
volved that contribute to the yield of a given surface are not completely 
understood. Despite this, an impressive body of literature exists showing 
the yield to be related to momentum transfer from energetic particles to 
target surface atoms. There is a threshold for sputtering that is approxi- 
mately equal to the heat of sublimation. In the energy range of practical 
interest for sputtering processes (10-5000 eV), the yield increases with 



incident ion energy, and with the mass and d-shell filling of the incident 
ion (19, 20]. 

The sputtering yield determines the erosion rate of sputtering targets; 
and largely, but not completely, determines the deposition rate of sput- 
tered films. Several compilations of experimental sputtering yield and re- 
lated data have been published (3, 5, 6, 21 , 22]. All sputtering yields and 
related data should be used with caution. In glow discharge systems, 
bombarding ions are by no means monoenergetic, and it is not necessarily 
valid to use yield values for pure metals when alloys, compounds, or mix- 
tures are sputtered. As will be shown, the sputtering yield of material A 
from a matrix of A + B is often very different from the sputtering yield of 
A from a matrix of A. Also, when sputtering yields of compounds are 
. given, dissociation reactions are often ignored. Despite this, tabulations 
of sputtering yields are useful, if only to give a rough indication of the dep- 
osition or etch rate that might be expected for a given material. Tables 
I-III give a compilation of sputtering yields and relative film deposition 

Table I 
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F'%. 6. Anode region of duoplasmairon 
showing constriction of plasma and plasma 
meniscus (from Brewer ^ ai [23]), 
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higher] 15, 25] are obtained at about 20 keV beam energy through an aper- 
ture of 0.0km diameter with an energy spread of 10-50 eV [15]. The con- 
verging region of magnetic field lines acts as a magnetic mirror to reflect 
electrons back to the cathode region {23], enhancing ionization efficiency. 

4. Other Ion Sources 

Several additional ion source types will be mentioned, with refer- 
ences, to indicate the variety of approaches to generating ions, These are 
listed with the hope of stimulating novel applications to thin film deposi- 
tion processes. Ik glow discharge ion source is simply a glow discharge 
between two plane electrodes with no magnetic field or thermionic cath- 
ode. One variation of this configuration is the hollow anode ion source in 
which the beam is extracted through a hole in the cathode plate [26, 27]. 

. The hollow cathode ion source, of the same basic type, may be used in 
place of a thermionic cathode in applications where lifetime or contamina- 
tion from the cathode are important [4, 28]. The twin anode or electro- 
static ion source uses the geometrical arrangement of the anode surfaces 
within a surrounding cathode to produce long oscillatory electron trajec- 
tories, gaining enhanced ionization with no magnetic field [29]. 

The term arc discharge ion source applies to several configurations. In 
one type the desired material is vaporized from a crucible directly into a 
low voltage thermionically supported arc discharge, With some materials 
the arc is self sustaining with no support gas [30, 3 1]. No magnetic field is 

. used. Ions are extracted with a low energy spread of 0.1-1.0 eV [31]. 

The electrohydrodynamic ion source [10] is a liquid-metal field emit- 
ting tip which generates a very high brightness, low current ion beam. A 
strong electric field pulls the liquid into a cusp-shaped tip less than 10" 4 - 
cm diameter. 

A vapor stream of atoms may be ionized by direct electron bombard- 
ment from a hot filament [32], A variation of this technique, the ioniied 
cluster source [33], vaporizes the desired material through a small orifice, 
inducing cluster formation as the vapor stream expands. 

High multiply-charged ion states, for example Ar 14 *, Kr 17 *, Xe 21 *, 
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have been obtained by constraining the ions long enough for sequential 
ionization [34]. Negative ion beams may be generated by sputtering the 
desired material with a beam of low ionization potential material such as 
cesium [35], and may also be extracted from an off-axis aperture in a duo- 
plasmatron [36]. Very high current hydrogen ion beams (several amperes) 
have been generated with a combined duoplasmatron and Penning ion 
source [37]. 

C. Beam Extraction and Control 

/. Ion Extraction 

Ions in the interior of the plasma diffuse to the plasma boundary, 
where they are extracted by an electric field. The rate of ion extraction is 
determined by Child's law of space charge limited current flow [4, 38]. In 
a planar geometry the space charge limited current density between two 
planes a distance d apart with potential difference V is 

where c 0 is the permeability of free space and q/m is the charge-to-mass 
ratio of the particles. This relationship determines the upper limit for 
planar current flow and demonstrates two important controls on the cur- 
rent density. Ion extraction from the plasma increases rapidly with in- 
creased extraction voltage and with decreased spacing between the 
plasma boundary and extraction electrode. For nonplanar geometries 
only the proportionality constant changes in Child's law, thus a given geo- 
metry may be characterized by the ratio j/P, the perveance [4]. 

Acceleration takes place mainly in the extraction region, since this is 
usually where the greatest potential drop occurs. However, the ion en- 
ergy at the target is determined only by the potential difference between 
the target and the point of origin of the ion, which is usually within a few 
Yolts of anode potential. The usual arrangement is to have the target at 
ground potential and raise the entire source chamber to the desired beam 
voltage, with the extraction electrode at ground potential or lower. 

As an example of extraction geometry, Fig. 7 shows the potential dis- 
tribution through the extraction region of a Kaufman source [4], The 
screen electrode is at the source potential (positive) and the accelerator or 
extraction electrode is negative. The screen voltage is lower than the 
anode voltage by the discharge voltage, with the difference between 
plasma potential and anode voltage not indicated. The extraction elec- 
trode is held negative, typically -200 V for source voltage of 1000 V, for 
two reasons. The rate of ion extraction is increased by a larger potential 
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The beam profile from a duoplasmatron or other single aperture source 
is usually close to Gaussian, determined more by the range of transverse 
velocities and the ion transport optics than by the initial profile at the ex- 
tractor. 

2. Beam Transport 

Beam deflection is accomplished by transverse electric fields [42] and 
mass separation by magnetic fields [43], If mass separation is desired with 
a straight trajectory, crossed electric and magnetic fields will select a par- 
ticular velocity and deflect all others, acting as a mass separator [31, 44]. 
. One type of focusing lens will be mentioned briefly. The Eke), or uni- 
potential, lens consists of a decelerate section followed by an accelerate 
section back- to the initial beam energy [24], The field distribution defo- 
cuses the beam while it is at high energy and focuses while it is at low 
energy, resulting in a net focusing of the beam. Examples of using the Ein- 
zel lens to focus the beam from a single aperture source are given in Sec- 
tions II1.A andlV.A. 

3. Neutralization 

The above methods of deflecting and focusing an ion beam apply to a 
nonneutralized beam. With the broad beam from a Kaufman source, neu- 
tralization is necessary to avoid beam spreading by space charge repul- 
sion. This is accomplished by adding electrons from a thermionic filament 
(Fig. 4) and monitoring the net current to the target or a beam probe. 
When the net current is zero, the arrival rate of ions equals that of dec-' 
trons, but the ions are not neutralized by recombination since the mean 
free path for this process is much larger than the beam diameter [4]. 
The beam is itself a plasma, in which the electrons rapidly distribute to 
cancel net charge, thus electron injection does not have to be uniform, 
The neutralizer filament is sputtered by the beam, and contributes to con- 
tamination unless suitable masking is provided. An alternate method of 
" injecting electrons into the beam is from a hollow cathode source (the 
plasma bridge neutralizer) which may be located outside the beam 
[4,44a]. 

D. System Requirements 

L Materials 

t Materials in the ion source must be stable at the temperatures involved 
(several hundred degrees Celsius), have low sputtering yield if subjected 
to ion bombardment, and low susceptibility to corrosive gases, if used. 



Particularly important components are the cathode filaments and elec- 
trode apertures. Thermionic cathodes are tantalum or tungsten wire [18], 
or barium oxide coated mesh [24]. Thermal cycling teads to embrittlement 
and failure, with exposure to oxygen or more reactive gases shortening 
filament life greatly. Magnetic fields may be supplied by an external sole- 
noid, usually air cooled, or by permanent magnets, which do not have to 
be exposed to the plasma. Other surfaces may be molybdenum for ther- 
mal stability; In the Kaufman source the screen and accelerator grids span 
a large diameter, with a small separation, typically 0.1 cm. Thermal ex- 
pansion leads to distortion, directly affecting extracted ion density and 
uniformity. These problems are minimized in ion thrusters by using 
dished molybdenum grids [4], such that thermal distortion occurs uni- 
formly across the grids, but these are difficult to make accurately, Pyroly- 
tic graphite provides the best combination of low thermal expansion, high 
thermal conductivity, and mechanical stiffness in flat grids [18], For high- 
est purity films it may be necessary to fabricate parts of the ion source out 
of materials that are compatible with the desired film [27, 45]. 

The lifetime of the source is limited by the hot cathode burning out or 
by buildup of sputtered material in the source, leading to shorting or to 
insulating coating of electrodes. Flaking of accumulated sputtered ma- 
terial may also cause shorts and insulating supports must be shielded from 
sputter coating. Lifetimes range from hours to months depending on 
operating conditions, 

2. Vacuum and Gas 

The gas pressure in the ion source is determined by the type of source 
and the ion .density needed for the desired ion current. Therefore the 
pressure at the target is determined by the conductance of the ion source 
apertures and the pumping speed of the pump, assumed to be in the target 
region. Background gas in the path of the beam has two effects in addition 
to the effect of gas pressure on the source itself. Large angle collisions 
contribute slightly to beam divergence, and charge exchange collisions 
which result in fast neutrals and slow ions contribute to the sputtering rate 
at the target without registering as ion current to a probe [18]. The 
pressure must be below about I Pa to sustain a beam without excessive 
scattering, but is usually maintained around 0.1 Pa or lower to minimize 
divergence and contamination. 

J. Electrical and Other Requirements 

The electrical power requirements of the ion sources described above 
are straightforward. The filaments may be heated with ac or dc current of 
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